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Sphagnum peat moss is the most commonly used soilless substrate component to produce 
containerized greenhouse bedding plants. Perlite is often blended with peat to achieve desirable physical 
properties. Increasing transportation costs and occasional shortages of peat and perlite have increased the 
need for alternative substrate components. Wood fiber materials produced from the extensive secondary 
processing of pine wood chips are a potential partial alternative to peat and perlite. Incorporating wood 
materials into soilless substrates may result in nitrogen immobilization, increasing the amount of fertilizer 
nitrogen needed during production. Wood materials also have a naturally higher pH compared to peat, 
requiring less limestone to adjust initial pH and leaving unknown effects on the substrate’s ability to 
buffer against pH changes. The objectives of this research were to evaluate the effects of wood fiber 
soilless substrates on plant performance, nitrogen requirements, and pH buffering capacity. Sphagnum 
peat-based substrates amended with 30% (by volume) coconut coir, pine tree materials or a commercial 
wood fiber material were compared for their effects on plant performance of container-grown petunia 
(Petunia × hybrida Mill.). There was a slight reduction in shoot growth of plants grown in pine tree 
substrates and wood fiber compared to plants grown in peat alone; however, plant performance was not 
significantly affected. In a second study, plants grown in substrates made up of sphagnum peat:pine tree 
materials (50:50) or sphagnum peat and a commercial wood fiber product (50:50) were evaluated for their 
nitrogen requirements compared to a 100% sphagnum peat control. Plants grown in 50:50 peat wood fiber 
did not reach comparable growth to plants grown in peat alone, even when fertilized with increased (400-
x 
 
ppmN) nitrogen concentrations. Finally, substrates made up of sphagnum peat and wood fiber (80:20, 
60:40, 40:60, 20:80) were compared to substrates made up of sphagnum peat alone and a peat and perlite 
control for effects on pH buffering and nutrient management with container-grown impatiens (Impatiens 
walleriana). This work shows the feasibility of amending soilless substrate with ~20-40% wood fiber (by 
volume) without drastic effects on plant performance or the need to change any cultural practices. Results 
from this work show that surpassing ~40% incorporation rate affects plant performance where it starts to 
suffer. This is potentially the result of physical properties, pH buffering or the presence of phytotoxic 




CHAPTER 1: INTRODUCTION AND OBJECTIVES 
Soilless plant culture is the practice of growing plants without the use of mineral field soil as a 
rooting medium (Savvas, D., Gianquinto, G., Tuzel, Y., Gruda, 2013). Soilless culture is used in a variety 
of crop production systems including greenhouse vegetables, nursery, and greenhouse floriculture. In the 
greenhouse floriculture industry, growers produce crops in containers filled with a rooting medium made 
up of a combination of organic and inorganic materials, called a “soilless substrate” (Barrett et al., 2016). 
The floriculture industry includes the production of container crops such as potted flowering plants, 
foliage plants, potted herbaceous perennials, annual bedding/garden plants, cut cultivated greens, and 
propagative floriculture materials. This important industry has a wholesale crop value  estimated at $4.63 
billion, over 6,386 producers, and approximately 859 million square feet used for production (National 
Agricultural Statistics, 2019). Several terms are used to describe soilless substrates in the floriculture 
industry such as rooting medium, growing media, soilless media, medium, substrates, potting mixes and 
many more. This thesis will refer to these materials as “soilless substrates”. 
Soilless plant culture offers several advantages over soil-based culture, including high water and 
nutrient use efficiencies (Raviv et al., 2002; Van OS, 1999) and it’s cost-effectiveness (Grafiadellis et al., 
2000). These systems also allow growers to produce crops year-round in a controlled environment facility 
in locations where that would otherwise not be feasible. Soilless culture also reduces the risk of disease 
caused by soil-borne plant pathogens and plant pathogenic nematodes that are typical of field production 
in soil (Bunt, 1988; Postma, 2004). This in turn reduces the need for chemical fungicides and eliminates 
the need for broad spectrum soil fumigants (Nelson, 2012). Several challenges also accompany 
containerized soilless plant culture, such as the thin layer of medium that a container offers (Barrett et al., 
2016). This restricts root growth and limits the capacity for water and nutrients (Bunt, 1988). Because of 
this restriction, it is extremely important that growers utilize a substrate that can support the plant, provide 




Soilless substrate materials can be strategically selected to create a physical, chemical, and 
biological environment that is favorable for plant roots, to achieve the desired level of plant growth and 
performance. Both performance and economic factors should be considered when formulating a soilless 
substrate; the materials must be manageable, affordable, and readily available (Barrett et al., 2016).  
Desirable Characteristics of a Soilless Substrate 
Performance and Practical Factors  
The performance of a soilless substrate is influenced by its physical, chemical, and biological 
properties (Figure 1.1). Physical properties that are important in the production of container crops include 
bulk density, particle size distribution, pore space, and hydraulic properties. These properties have been 
reviewed extensively for many organic and inorganic soilless substrate materials (Argo, 1998a; Blok and 
Wever, 2008; Bunt, 1988; Fonteno, 1993; Wallach, 2008). Variation in these physical properties are 
dependent on the size, shape, texture, and physical arrangement of the particles that make up the material 
(Bilderback et al., 2005). Generally, a ratio of 20% air pore space, 60% water pore space, and 15% solid 
particles, as well as a low bulk density (mass per unit volume) is recommended for most crops (Argo, 
2004; Nelson, 2012). Hydraulic properties of importance include plant available water and hydraulic 
conductivity, which is the ability of water to move throughout the substrate (Bunt, 1988; Nelson, 2012). 
The substrate must have a structure that provides a balance between air and water space to prevent both 




Figure 1.1 Some of the physical, biological, and chemical characteristics of soilless substrates that are important in 
the production of container crops. Physical properties such as air pore space, water pore space, bulk density, plant 
available water, and hydraulic conductivity are important in the production of container plants. Chemical properties 
such as substrate-pH, electrical conductivity (EC), and cation exchange capacity (CEC), all interact and influence 
the availability of nutrients. Biological properties such as the presence of pathogens, the rate of substrate 
decomposition and the substrates carbon to nitrogen ratio are also important.  
 
Chemical properties such as substrate-pH, electrical conductivity (EC), and cation exchange 
capacity (CEC) are equally as important in the production of container crops. These properties have also 
been widely reviewed for a variety of organic and inorganic materials (Argo, 1998b; Lemaire, 1995; 
Silber, 2008). Many of these chemical properties can be manipulated by a grower (Handreck and Black, 
1994; Silber and Bar-Tal, 2008) with inputs such as limestone (Nelson, 2012) and fertilizer (Bragg, 1998; 
Handreck and Black, 1994). All these chemical properties interact and are constantly changing because of 
the small volume of substrate that a container allows.  
pH is the balance between acidic hydrogen (H+) ions and basic hydroxide (OH-) ions in the 
substrate solution and can be measured with a pH meter (Argo, 2003a). Plants differ in their desired pH 
range and their tolerance to high or low substrate-pH, but the general recommendation when growing 
plants in containers ranges from pH 5.8 to 6.2 (Nelson, 2012). If substrate-pH is too extreme (too low or 
too high) plant roots can be damaged, leaving them susceptible to plant disease (Argo and Fisher, 2002). 

















influences the solubility and availability of essential plant nutrients. For example, the solubility of many 
micronutrients (i.e., iron, manganese, zinc, and boron) and phosphorus decreases with increasing 
substrate-pH (Figure 1.2) (Argo, 2003a; Peterson, 1981). Substrate-pH is affected by the interaction of 
several factors, including substrate materials, limestone type and application rate, applied nutrients and 
concentrations, irrigation water alkalinity and plant species (Argo and Biernbaum, 1997, 1996; Peterson, 
1981).  
 
Figure 1.2 Solubility of nutrients at different substrate-pH levels in peat-based soilless substrates (Peterson, 1981).  
 
 
The most common substrate materials (i.e., peat moss, aged pine bark, and coconut coir) are all 
primarily acidic (pH 4.0-4.5) (Rippy et al., 2007) and require the addition of limestone to bring the 
substrate-pH to the desired range for most greenhouse crops (Nelson, 2012). Limestone amendments 
neutralize acidity and help to provide the substrate with some pH buffering (Nelson, 2012). Limestone 
(calcium and magnesium carbonate) and water alkalinity (calcium bicarbonate, magnesium bicarbonate, 
and sodium bicarbonate) influence substrate-pH in a similar way (Argo, 2003b). If too much limestone is 
added to the substrate or if irrigation water alkalinity is high, substrate-pH will increase to levels out of 
the desired range for most container crops (Argo, 2003b).  
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The fertilizer a grower applies to their crop can also have an effect on substrate-pH over time 
depending on the nitrogen (N) form and concentration applied (Argo and Biernbaum, 1997, 1996). Using 
a fertilizer containing mostly ammonium N (NH4
+) or urea N (CH4N2O) produces an acidic reaction 
(decreases pH) because of an H+ efflux from roots during nutrient uptake and from nitrification (Dickson 
et al., 2017). On the other hand, using a fertilizer that mostly contains nitrate N (NO3
-) usually produces a 
basic reaction (increases pH) because of an efflux of hydroxyl (OH-) or bicarbonate (HCO3
-) ions from 
roots (Haynes, 1990). Most fertilizers are made up of a mixture of these salts, so the overall pH effect will 
depend on the ratio of the different N forms (Argo, 2003b). The overall effect of fertilizer on substrate-pH 
will also depend on all the other factors previously mentioned (i.e., substrate material, lime amendment, 
and irrigation water alkalinity).  
Electrical conductivity (EC) is the measure of all electrically charged salt ions dissolved in the 
substrate solution and can be measured with an EC meter (Nelson, 2012). EC can be measured with many 
different methods and in several units, but this thesis will use the PourThru extraction method (Wright, 
1986) in the unit milli-siemens per centimeter squared (mS/cm2) throughout. Factors contributing to the 
EC value of a substrate include the substrate material, concentration of fertilizer salts added, irrigation 
water and the level of leaching depending on the chosen irrigation method (Cavins et al., 2000; Nelson, 
2012). Crops vary in their nutrient/salt requirements based on species and stage of development. Cavins et 
al. (2000) gives suggested substrate PourThru EC ranges for floriculture crops grown in soilless 
substrates.  
Substrate-EC and substrate-pH are indirectly related because of a soilless substrate’s cation 
exchange capacity (CEC) (Fisher et al., 2014). CEC is the ability of substrate particles to absorb and 
release positively charged ions, called cations (Nelson, 2012). Some cations are especially present in a 
soilless plant culture system. These include potassium, ammonium, calcium, magnesium, and sulfates 
(Cavins et al., 2000). CEC helps to buffer the substrate against sudden changes in pH and nutrient levels 
(i.e., EC), therefore it is desirable to include a material with a high CEC in a soilless substrate formulation 
(Argo, 2004; Nelson, 2012).  
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The biological properties of soilless substrates are also important because they can have a large 
impact on plant performance (Alsanius and Wohanka, 2009; Carlile, 2004; Carlile and Wilson, 1991). 
First, it is essential that growers formulate or purchase substrate materials that are free of pathogens and 
weed seeds (Nelson, 2012) to prevent the introduction of these organisms into their production system. 
Second, a slow rate of microbial decomposition is desirable (Nelson, 2012). Over time, decomposition 
will lead to undesirable physical changes (i.e., shrinkage) in the substrate (Brian E Jackson et al., 2009b; 
Nash and Laiche, 1981; Prasad and Maher, 2004; Särkkä et al., 2008). The layer of medium is already 
shallow, so any large reduction will be detrimental to plant growth (Nelson, 2012) because of reduced air-
holding capacity (Aendekerk, 1997) and excessive water retention (Nash and Pokorny, 1990).  
Lastly, organic materials used in soilless substrates with carbon (C): nitrogen (N) ratios exceeding 
30:1 have the potential to immobilize nutrients (specifically N) and reduce uptake by plants (Blok et al., 
2008; Bunt, 1988; Handreck, 1992a, 1992b; Jackson et al., 2009a; Maher et al., 2008; Nelson, 2012; 
Prasad, 1996a). When microorganisms break down carbon compounds, they concurrently consume plant 
available N (Handreck, 1992b) and small amounts of phosphate (Handreck, 1996). Peat moss has a C:N 
ratio near or below 30:1 and tends to have a near zero N immobilization effect (Bunt, 1988; Prasad, 1980; 
Raviv, 2005), while wood materials have high C:N ratios (up to 300:1), giving them the potential to 
immobilize N (Maher et al., 2008; Nelson, 2012; Prasad, 1996b). 
Plant performance can be significantly reduced if microbial immobilization of N (Handreck, 
1992b) limits nutrient uptake by plant roots (Carlile and Wilson, 1991; Handreck, 1993a). The capacity 
for a material to immobilize N is evaluated by adding known concentrations of N to these organic 
materials. After an incubation period, the relative immobilization rate is calculated (Handreck, 1992a, 
1992b; Jackson et al., 2009a). These tests are conducted under controlled conditions and it is hard to 
predict how these materials would perform as soilless substrate components with this data only. 
Researchers have proposed several strategies to avoid the issue of N immobilization, such as blending 
unstable materials with more stable materials, adding supplemental N (Gruda et al., 2000), or by 
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secondary processing (Guster et al., 1983). All these approaches require additional costs for the grower or 
substrate manufacturer.  
Economic and Environmental Factors 
  Although outside the scope of this thesis, it is important to note that both economic and 
environmental factors are important when formulating a soilless substrate. The cost of a soilless substrate 
is dependent on the market value of the materials per unit volume, the transportation costs (Lu et al., 
2006), and the cost of any secondary processing necessary to make the material useable (Barrett et al., 
2016). Some studies have attempted to compare the cost versus the performance of materials as soilless 
substrate components (Barreto and Jagtap, 2006; Hernández-Apaolaza et al., 2005) but more information 
is needed to understand the true cost-benefit. Environmental factors are becoming increasingly more 
important (Youbin et al., 2009) as consumers are starting to prefer products perceived as environmentally 
friendly (Khachatryan et al., 2014). Locally sourced materials (Behe et al., 2013) and biodegradable 
containers (Dennis et al., 2010; Nambuthiri et al., 2015) are some industry trends that have already gained 
popularity.  
Commonly Used Soilless Substrate Materials  
Extensive research has been done on the individual constituents of soilless substrate blends for 
container-grown crops since the 1950’s, when the greenhouse and nursery industries began producing 
crops in containers on a large scale (Davidson et al., 2000). Materials such as field soil, Canadian peat 
moss, and sand were used in containerized plant production during the mid-20th century. Field soil has 
unfavorable characteristics for some crops and required sterilization (Scott and Bearce, 1972) and there is 
a greater degree of uniformity (Bunt, 1988) and more consistent quality (Nelson, 2012) between batches 
of soilless substrates compared to mixes containing field soil. The most widely accepted and utilized 
soilless substrate components in the United States for the greenhouse and nursery industries are peat and 
bark materials (Bilderback et al., 2013; Schmilewski, 2009) which are blended with one or more 
inorganic materials. Traditional substrate blends are formulated with peat moss, vermiculite, perlite, 
8 
 
and/or pine bark (Nelson, 2012). Although these materials are typically used as soilless substrate 
components for most horticultural crops (Bilderback et al., 2013), challenges with both peat and bark 
have led to the pursuit of alternative soilless substrate components.  
Peat  
The term peat refers to a variety of materials that are formed by the slow decomposition of 
mosses and sedges under anaerobic, highly acidic conditions with little microbial activity (Bunt, 1988; 
Maher et al., 2008). Peats vary in age and level of decomposition and the properties depend on the 
conditions in which the materials were produced (Michel, 2010). Peat is classified by the American 
Society for Testing Materials (ASTM) based on its generic origin and fiber content. The five groups 
include sphagnum moss peat (peat moss), hypnum moss peat, reed-sedge peat, peat humus and other peat 
(Bunt, 1988). A common way to measure degree of peat decomposition is the Von Post scale, which 
consists of a 10-grade scale (H1-H10) that is based on the assessment of the quality of water which is 
exuded from the peat when compressed (Bunt, 1988). The most appropriate and common peat material 
used in the U.S. for soilless substrates is made from the partial decomposition of bryophyte mosses in the 
genus sphagnum (Hammond, 1975; Nelson, 2012). Sphagnum peat moss (Figure 1.3 A) is light tan to 
brown in color and is considered the least decomposed of peat materials (Reed, 1996).  
Peat has excellent physical, chemical, and biological properties to facilitate plant growth (Krucker 
et al., 2010; Robertson, 1993; Schmilewski, 2008). Physical properties such as high total porosity and low 
bulk density (Nelson, 2012) give peat performance and practicality benefits over other material. High 
total porosity means this material can remain fairly aerated while still delivering enough water to the plant 
roots (Maher et al., 2008), and a low bulk density means it is lightweight and therefore inexpensive and 
easy to transport (Barrett et al., 2016). The chemical properties of peat are also easy to manipulate. The 
pH and nutrient content are both initially low (Maher et al., 2008), which allows a grower to adjust these 
parameters easily with amendments such as limestone and fertilizer (Table 1.1). After liming, peat also 
has a high CEC (Maher et al., 2008; Nelson, 2012). Peat requires little secondary processing (i.e. 




Table 1.1 Properties of common soilless substrate materials. 
Material pH CEC (me/ 100 cc) Carbon:Nitrogen 
Sphagnum peat 3.0 - 4.0 7 – 13 70:1 
Aged Bark 3.0-6.0 ~12 300:1  
Coir 4.9 – 6.8 3.9 – 8.4 80:1 
Wood Fiber 3.8 – 6.6 ? Up to 300:1 
Perlite 7.5 0.15 X 
Vermiculite 6.0-8.0, varies  10-16  X 
Desirable range 5.4-6.6  6-15 30:1 
 
Sphagnum peat moss remains the most commonly used component of soilless substrates because 
of its superior performance (Barrett et al., 2016; Nelson, 2012). Using peat in a soilless substrate has great 
performance and economic benefits; however, environmental concerns related to how it is extracted are 
rising (Nelson, 2012). Negative impacts such as the release of sequestered carbon into the active carbon 
cycle (Alexander et al., 2008) and the destruction of peatland ecosystems (Robertson, 1993) are 
associated with the mining process. Also, peat can no longer be considered a renewable resource, because 
bogs usually require decades to restore themselves (Nelson, 2012).  
Horticulture is not the only industry with peat demands. Peat is sometimes used as an energy 
source (Hammond, 1975), as a soil amendment (Robertson, 1993), or as animal feed (Trckova et al., 
2005). The low cost and abundance of peat has traditionally made it a great material for use in soilless 
substrates (Barrett et al., 2016); however, occasional peat shortages are causing prices to increase 
(Jackson et al., 2008). These concerns have led to the investigation of using more renewable and 
economically sustainable materials in soilless substrates as a substitute or even a dilute for peat materials. 
The use of renewable materials as a peat dilution is expected to extend the life of the present peat 
resources (Maher et al., 2008). Materials used to reduce the use of peat include: bark, coconut coir and 
processed wood (Nelson, 2012). 
Bark 
 In areas where peat is less available and too expensive, bark from both hardwood and softwood 
tree species is used as a soilless substrate component (Carlile et al., 2015; Nelson, 2012). The bark used in 
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soilless substrates is the by-product of the lumber industry (Maher et al., 2008) and most commonly 
comes from loblolly pine (Pinus taeda L.) and Douglas fir {Pseudotsuga menzeii (Mirb.) Franco] trees 
(Bilderback et al., 2013; Pokorny, 1979). Because it is not produced specifically for use in soilless 
substrates, pine bark tends to have variable physical, chemical, and biological properties. This variability 
usually depends on the degree of secondary processing. 
 Pine bark usually requires some secondary processing (i.e., aging or composting) to achieve 
desirable characteristics for use in soilless substrates (Maher et al., 2008). Aging is accomplished by 
piling and weathering the materials for months to encourage biological stability (Bustamante et al., 2008; 
Gaches et al., 2011) and reduce the presence of phytotoxic compounds (Naasz et al., 2009). Bark that is 
composted is piled, turned and impregnated with N (Bustamante et al., 2008), which helps slow 
decomposition, prevent N immobilization and increase cation exchange capacity (Nelson, 2012). Once 
the bark is biologically appropriate, the materials go through a screening process to deliver particles of an 
suitable size (Maher et al., 2008).   
Coir 
Coconut coir (coir) (Figure 1.3 B) is the dust and short fibers derived from the mesocarp of the 
coconut fruit (Cocos nucifera) (Arenas et al., 2002). This material is a waste product of the coconut 
industry and is mostly transported from Sri Lanka, Vietnam, India, and Mexico (Arenas et al., 2002; 
Maher et al., 2008; Schmilewski, 2008). Coconut coir is commonly used in greenhouse hydroponic 
vegetable production and has been widely reviewed as a soilless substrate component for multiple 
cropping systems (Bragg, 1998; Prasad, 1996a; Schmilewski, 2008).The  pH levels in coir are higher 
compared to peat (Table 1.1), requiring less limestone (Nelson, 2012). Coir is low in N, calcium and 
magnesium, but can be high in some other salts (i.e., phosphorous and potassium) (Noguera et al., 2000). 
Physically, coir maintains a favorable balance between air and water similar to peat, and it has a high 
rewetting capacity (Blok and Wever, 2008). The ability of this material to rewet makes it suitable as an 
alternative to peat (Evans and Stamps, 1996; Schmilewski, 2009) in floriculture (Frangi et al., 2008).  
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Coir has the potential for inconsistent chemical and biological properties because it is a waste 
product and it is not always processed for use in soilless substrates (Abad et al., 2005; Evans and Stamps, 
1996; Smith, 1995). These properties vary based on the origin of the material, the time in storage, and the 
degree of secondary processing (Schmilewski, 2008). In areas without proper quality control practices, 
coir can contain excess salts or phenolic compounds (Ma and Nichols, 2004). Toxic chloride levels have 
been found in some coir sources (Thomas D. landis, Douglas F. Jacobs, 2013) that could cause problems 
when growing salt-sensitive crops (Abad et al., 2002). Some secondary processing, such as washing, is 
usually necessary to leach these materials of excess sodium and chloride ions (Carlile et al., 2015). This 
secondary processing will add to the cost of this material, whether the supplier or the grower is 
responsible for processing (Schmilewski, 2008).  
Inorganic Materials 
Inorganic materials (i.e., perlite and vermiculite) are important in the discussion of soilless 
substrates; however, these materials are not considered promising alternatives to peat and pine bark 
(Schmilewski, 2008). These materials serve specific functions when they are incorporated into soilless 
substrate formulations. Perlite is made from siliceous volcanic rock that is crushed and heated to high 
temperatures, which causes expansion and the formation of air-filled cells (Nelson, 2012). This material 
serves as an aerator and when added to organic materials at about 25% (by volume), perlite improves 
physical properties such as porosity, air capacity, and shrinkage ratio (Dede and Ozer, 1997). Vermiculite 
is also produced from silicate material that is expanded when heated to high temperatures (Nelson, 2012). 
This material is commonly incorporated into soilless substrates at 25-50% (by volume) and serves to 
provide water and nutrient retention, as well as aeration (Nelson, 2012).  
Wood materials 
Processed wood components such as pine tree substrates (PTS) and wood fiber (WF) (Figure 1.3 
C), are potential alternative materials to peat and other materials (i.e., perlite and vermiculite) in soilless 
substrate formulations (Gruda and Schnitzler, 2001). PTS are produced from pine trees that are chipped 
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and ground in a hammermill (Fain et al., 2006; Laiche A.J., 1986; Wright and Browder, 2005). The term 
“wood fiber” lacks a strict definition and refers to a wide range of materials made from the extensive 
secondary processing (i.e., mechanical defibrillation or steam-assisted thermal extrusion) of fresh wood 
chips (Maher et al., 2008). Wood chips are processed in a high pressure and high temperature 
environment, which rapidly ages the material and creates a stable and sterile material (Gruda and 
Schnitzler, 2004; Maher et al., 2008; Schmilewski, 2008). These materials were first developed for use in 
soilless substrates in the 1980’s in Germany (Schmilewski, 2008), and since 2004 have gained significant 
interest in the United States (Jackson, 2016). Soilless substrates made up of 20-40% wood fiber (by 











Figure 1.3 Sphagnum peat moss (A), coconut coir (B), and wood fiber (C). 
 
Incorporating wood fiber into soilless substrates can alter the chemical and physical properties of 
the substrate (Bugbee and Heins, 2019). Specifically, wood materials have the potential to immobilize N 
(Blok et al., 2008; Handreck, 1992a; Jackson et al., 2009a; Maher et al., 2008; Prasad, 1996a) as a result 
of microbial decomposition in materials with a C:N ratio beyond 30:1 (Bunt, 1988; Nelson, 2012). 
Research has shown that soilless substrates amended with wood materials require higher N concentrations 
to produce marketable plants (Gruda et al., 2000; Jackson et al., 2008; Maher et al., 2008; Prasad, 1996a). 
Wright et al.,( 2008) found that plants grown in soilless substrates containing wood materials required 
about 100 mg/L-1 N more fertilizer to obtain comparable growth to plants grown in peat-based soilless 






immobilize N (Handreck, 1993a; Nelson, 2012; Prasad, 1996b). Differences in air and water porosity, 
total water-holding capacity, and bulk density can affect both microbial activity and plant growth (Argo, 
1998a, 1998b; Bunt, 1988; Maher et al., 2008).  
Research reported in the literature to date has provided insight into the effect of wood materials 
on plant growth and the modifications growers may need to make when using these materials. However, 
there still are many unknowns that need to be addressed for successful incorporation of wood materials 
and for researchers to provide science-based recommendations to growers. Specifically, there is a need to 
evaluate peat-based soilless substrates containing wood components for effects on N immobilization and 
plant performance and compare the range of available wood products manufactured in different ways. 
This will reveal advantages and disadvantages of wood products as substrate components, as well as bring 
awareness to any cultural practices (i.e., irrigation schedules, nutrient management strategies, etc.) that 
will need to be altered when using these materials.  
Research Objectives 
The objective of this study was to evaluate the effects of wood product additions to peat-based 
soilless substrates (i.e., PTS, and commercial wood fibers) for effects on plant performance, N 
requirements, and pH buffering capacity. Specific objectives were to: 
1. Evaluate peat-based substrates containing a small percentage of commercial wood fiber for 
potential to immobilize N and for effects on plant performance during production and a simulated 
consumer phase with container-grown petunia (Petunia × hybrida Vilm. -Andr.). Substrates containing 
coconut coir fiber, hammer-milled pine  wood(PTS), and wood fiber were evaluated in this study and 
compared to a zero-amendment peat substrate (control). We hypothesized that adding pine wood 
components to peat would increase N immobilization, reducing N uptake and affecting plant performance 
during both production and consumer phases. 
2. Evaluate the effects of applied fertilizer N concentration on performance of petunia in 
substrates amended with wood fiber and hammer-milled pine wood (pine tree substrate, PTS) compared 
to a (by volume) 100% peat control, during a production and consumer phase. We hypothesized that when 
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plants grown in substrates amended with wood materials are fertilized with increased N concentrations on 
a constant basis, growth and performance will be comparable to plants grown in a 100% peat control 
substrate.  
3. Evaluate the pH buffering capacity of soilless substrates differing in their peat:WF ratios and 
evaluate the effects on plant performance and nutrient management with container-grown impatiens 
(Impatiens walleriana). We hypothesized that substrate-pH will be more likely to drift (up or down) in 
substrates containing higher proportions of wood fiber. This drift will likely be a result of reduced lime 





CHAPTER 2: EVALUATING WOOD FIBER SOILLESS SUBSTRATES FOR EFFECTS ON 
PLANT PERFORMANCE AND NITROGEN IMMOBILIZATION 
Introduction 
Ornamental greenhouse crops are typically grown in containers filled with substrates, a practice 
that is termed soilless plant culture (Barrett et al., 2016; Nelson, 2012; Savvas, D., Gianquinto, G., Tuzel, 
Y., Gruda, 2013). Soilless plant culture involves growing horticultural crops in substrates that lack 
mineral field-soil components (Savvas, D., Gianquinto, G., Tuzel, Y., Gruda, 2013). Sphagnum peat moss 
is the major substrate component used for floriculture bedding plant production in the United States and 
Europe (Schmilewski, 2009), and typically represents 50-80% of the total substrate volume (Nelson, 
2012). The other 50-20% is usually made up of secondary materials such as perlite, vermiculite, sand, 
coconut coir, or bark. Peat moss is widely used because of its desirable physical, chemical, and biological 
properties (Krucker et al., 2010; Robertson, 1993; Schmilewski, 2008). This material has a low bulk 
density, a high porosity, and chemical properties that can be easily adjusted by the grower to meet the 
plant’s needs (Barrett et al., 2016; Maher et al., 2008; Nelson, 2012). However, manufacturing costs for 
sphagnum peat and other substrate components have increased in recent years, resulting in greater 
demand for alternative substrate materials (Jackson et al., 2008; Meerow, 1994). 
Processed wood components such as pine tree substrates (PTS) and wood fiber, are potential 
alternative materials to peat in soilless substrate formulations (Gruda and Schnitzler, 2001). PTS are 
produced from pine trees that are chipped and ground in a hammermill (Fain et al., 2006; Laiche A.J., 
1986; Wright and Browder, 2005) and wood fiber materials encompass a range of materials processed 
from fresh wood chips (Maher et al., 2008). The process consists of exposing fresh wood chips to high 
pressure and temperature treatments, simulating rapid aging and creating a more stable and sterile 
material (Gruda and Schnitzler, 2004; Maher et al., 2008; Schmilewski, 2008). Wood fiber materials are 
gaining popularity as components of growing substrate blends for floriculture bedding crop production in 
the United States. Currently, growers typically incorporate wood fiber at approximately 20-40% of the 
total substrate volume (Drotleff, 2018).  
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While wood materials offer great potential as components in soilless substrates, several 
challenges are associated with the use of these materials, such as the immobilization of nutrients. Organic 
materials used in soilless substrates with carbon (C): nitrogen (N) ratios exceeding 30:1 have the potential 
to immobilize fertilizer N and reduce N uptake by plants (Blok et al., 2008; Bunt, 1988; Handreck, 1992a, 
1992b; Jackson et al., 2009a; Maher et al., 2008; Nelson, 2012; Prasad, 1996a). When microorganisms 
break down carbon compounds, they concurrently consume plant available N (Handreck, 1992b). Peat 
moss has a C:N ratio near or below 30:1 and tends to have a near zero N immobilization effect (Bunt, 
1988; Prasad, 1980; Raviv, 2005), while wood materials have high C:N ratios (up to 300:1), giving them 
the potential to immobilize N (Maher et al., 2008; Nelson, 2012; Prasad, 1996b). Consequently, 
incorporating these material into peat-based soilless substrates may increase the amount of fertilizer N 
needed during production (Gruda et al., 2000; Jackson et al., 2008; Maher et al., 2008; Prasad, 1996a). 
Research has shown that increasing the proportion of wood components in soilless substrates 
increases the amount of N required for optimal plant growth due to N-immobilization in the root zone 
(Handreck, 1993a; Jackson et al., 2008; Wright et al., 2008). Gruda and Schnitzler (1999) and Wright et 
al (2008) showed that substrates amended with different wood products required an additional 100 mg/L 
of N in the applied fertilizer solution to prevent reduction in chrysanthemum growth. The different wood 
components also differ in their physical properties and potential to immobilize N (Handreck, 1993a; 
Nelson, 2012; Prasad, 1996b). Differences in  air and water porosity, total water-holding capacity, and 
bulk density can affect both microbial activity and plant growth (Argo, 1998a, 1998b; Bunt, 1988; Maher 
et al., 2008).  
Research reported in the literature to date has provided insight into the effect of wood material on 
plant growth and the modifications growers may need to make when using these products. However, there 
still are many unknowns that need to be addressed for successful incorporation of wood materials and for 
researchers to provide science-based recommendations to growers. Specifically, there is a need to 
evaluate peat-based substrates containing wood components for effects on N immobilization and plant 
performance and compare the range of available wood products manufactured in different ways. This will 
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reveal advantages and disadvantages of wood products as substrate components and bring awareness to 
any cultural practices (i.e., irrigation schedules, nutrient management strategies, etc.) that will need to be 
altered when using these materials. The objective of this study was to evaluate peat-based substrates 
containing a small percentage of commercial wood fiber for potential to immobilize N and for effects on 
plant performance during a production phase and a simulated consumer phase with container-grown 
petunia (Petunia × hybrida Vilm. -Andr.). Substrates containing coconut coir fiber, hammer-milled pine 
tree substrates (PTS), and wood fiber were evaluated in this study and compared to a zero-amendment 
peat substrate control. We hypothesized that peat containing pine wood components would increase N 
immobilization, reducing N uptake and affecting plant performance during both the production and 
consumer phases. 
Materials and Methods 
Experimental Design 
In April 2017, a 2-factor experiment was conducted to evaluate four peat-based substrate blends 
from two suppliers for potential N immobilization and effects on plant performance with container grown 
petunia (Petunia × hybrida Mill.). Substrate blends consisted of (by volume) (1) 100% sphagnum peat 
moss, (2)70% peat blended with 30% coconut coir pith, (3) 70% peat with 30% hammer-milled pine 
wood or (4) 70% peat with 30% expanded pine wood fiber. Each of the four substrate blends were 
evaluated from two suppliers for a total of eight treatments. The experiment consisted of eight replicate 
plants per treatment for a total of 64 total containers. Treatments were arranged in a randomized complete 
block design with four blocks and two replicate containers per block, where each block was assigned to a 
separate bench in the same greenhouse (Figure 2.1). Plant performance was evaluated based on leaf 
chlorophyll content, flower number per plant, plant height and width, shoot dry mass and tissue percent 
nitrogen for each substrate blend after a greenhouse production phase and a simulated consumer phase, 
which each lasted 42 days (6 weeks) for a 12 week experiment. Both production and consumer phases 
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were conducted in the same controlled-environment glass greenhouse at the University of New 
Hampshire (UNH) in Durham, NH (35.9940° N, 78.8986° W).  
 
Figure 2.1 Petunia plants placed on saucers arranged in a randomized complete block (RCB) design.  
 
Substrates  
Treatments from supplier 1 consisted of four peat-based substrate blends formulated with coarse 
Latvian sphagnum peat moss (Pindstrup, Denmark) with long fibers and little dust (von Post scale 2-3; 
Puustjarvi and Robertson 1975). Substrate blends were (by volume) 100% peat (blend 1), 70% peat 30% 
coconut coir pith (Coco Fiber; Pindstrup, Denmark) (blend 2), 70% peat 30% hammer-milled loblolly 
pine (Pinus taeda L.) wood, which will be referred to as pine tree substrate (PTS) (Young’s Plant Farm, 
Auburn, A.L.) (blend 3), and 70% peat 30% expanded European pine wood fiber (Forest Gold; Pindstrup, 
Denmark) (blend 4). Substrate treatments from supplier 2 were made up of the same components and 
ratios but were formulated with Lithuanian sphagnum peat (Klasmann-Dielmann, Denmark) containing 
long fibers and little dust and white pine wood fiber (GreenFibre®; Klasmann-Dielmann, Denmark). The 
same coconut coir fiber (Black Gold® Just Coir; Sun Gro Horticulture, Agawam, MA) and PTS (Young’s 
Plant Farm, Auburn, AL) were used for supplier 1 and supplier 2 peat:coir and peat:PTS blends. 
Prior to blending substrate components, the sphagnum peat (supplier 1) was amended with 
dolomitic carbonate limestone [(Oldcastle Lawn and Garden, Bowling Green, FL; pulverized limestone 
with 23% Ca and 13% Mg of which 85% passed through a 150-µm mesh and with an acid neutralizing 
value of 82% calcium carbonate equivalents (CCE)] at 4.3 kg·m-3 to adjust initial pH to ~6.0. Wetting 
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agent (PsiMatric; Aquatrols, Paulsboro, NJ) was added at 0.15mL·L-1 of substrate after blending. Supplier 
2 sphagnum peat was pre-limed by the supplier and contained additional gypsum incorporated at 2.3 
kg·m-3. Percent air and water-filled pore space, water-holding capacity, and dry bulk density were 
measured for each substrate blend in 20.3 cm diameter (3.1L) plastic azalea containers (Poppelmann 
Plastics US LLC, Claremont, NC) using methods described by Bilderback (2009) at the University of 
Florida (Gainesville, FL). 
Lime rates were determined for each substrate blend independently with small batch tests. 
Approximately 250mL of each substrate blend was incubated at room temperature with increasing rates of 
limestone (0, 0.25, 0.50, and 0.75 g/250mL) for 7 days (experiment 1) or 21 days (experiment 2) in zip-
lock bags. After the incubation period, substrate-pH was measured in each replicate using a Orion™ 
Versa Star Pro advanced electrochemistry meter (Thermo Scientific, Waltham, MA) using the saturated 
media extract (SME) method (Warncke, 1986). Lime rate was then determined based on the relationship 
between pH and lime amendment for each substrate blend. A separate calibration curve was developed for 
each substrate blend (Appendix A). 
Plant culture 
 Petunia (Petunia × hybrida Vilm. -Andr.) ‘Supertunia Vista Bubblegum’ liners in 128-cell trays 
(Pleasant View Gardens, Louden, NH) were transplanted into 20.3-cm (8-inch) diameter plastic azalea 
containers (Poppelmann Plastics US LLC, Claremont, NC) with one plant per container on 11 May 2017. 
Petunia was chosen as a model crop for this experiment because of their vigorous growth habit. Plants 
were fertilized with a complete water-soluble fertilizer for a production phase lasting 42 days (6 weeks). 
Plants were fertilized at each irrigation with 17.0N-1.8P-14.1K-4.0Ca-1.0Mg commercial water-soluble 
fertilizer (GreenCare Fertilizers, Kalamazoo, IL) mixed with de-ionized zero alkalinity water at 250mg 
N·L-1, where 25% of total N was supplied as ammonium (NH4-N) and 75% as nitrate (NO3-N). 
Containers were irrigated uniformly to supply identical quantities of N across substrate blends. Irrigation 
events consisted of hand-dosing each container with a plastic beaker. Each container received 500mL of 
fertilizer solution at each irrigation. Plastic saucers placed under each container collected leachate after 
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each irrigation event and allowed for reabsorption into the substrate. Each replicate container received a 
total of 8.1 L of water and 1.3 grams of N. Four replicate plants per treatment were destructively sampled 
after 6 weeks of production and the remaining four replicates per treatment were grown in the greenhouse 
for an additional 6 weeks for a simulated ‘consumer phase”. During the consumer phase, each replicate 
received 500mL of de-ionized zero alkalinity water (no fertilizer) at each irrigation for a total of 19L. 
Environmental data (i.e., average daily temperature and light levels) was collected using Argus Control 
Software Firmware Version 12.43 Build 00063 (Argus Control Systems Ltd., Surry, BC). Supplemental 
lighting was provided by high-pressure sodium light bulbs hung above the greenhouse benches if the 
natural daily light integral (DLI) did not exceed 12 mol·m-2·d-1.  
Data collection 
At the end of the production phase, four replicate plants per treatment were destructively sampled 
to determine shoot and root dry mass. Tissues were also used to determine tissue nutrient concentration. 
These data were also collected on the remaining four replicates per treatment at the end of the consumer 
phase. Data were also collected on substrate-pH and electrical conductivity (EC), N concentration in 
leachate, leaf chlorophyll index, maximum plant height and width (cm), and flower number per plant for 
each replicate (8 replicates per treatment) as described below.  
Leachate. Leachate was collected from each replicate container (8 replicates for the production 
phase, 4 replicates for the consumer phase) using the PourThru extraction method (Wright, 1986). 
Substrate-pH and EC (mS·cm-1) were measured using a Hanna HI 9811 instrument (Hanna Instruments, 
Woonsocket, RI). N concentration was measured in the leachate samples (20mL) collected from each 
replicate container at the end of the production and consumer phases. Ammonium (NH4-N) and nitrate 
(NO3-N) were measured colorimetrically by autoanalyzer: cadmium reduction/sulfanilamide method for 
NO3-N, hypochlorite/salicylate method for NH4-N at the University of Maine Analytical Laboratory 
(Orono, ME).   
Leaf chlorophyll content. Leaf chlorophyll content was measured non-destructively for each 
replicate using a Minolta SPAD index meter (Spectrum Technologies, Aurora, IL) (Figure 2.2), which 
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calculates index values from the amount of light absorbed at 680nm and 700nm wavelengths. Each SPAD 
value was the average of four measurements taken on four randomly selected leaves for that replicate.  
 
 
Figure 2.2 Leaf chlorophyll content was measured non-destructively for each replicate using a Minolta SPAD index 
meter (Spectrum Technologies, Aurora, IL), which calculates index values from the amount of light absorbed at 
680nm and 700nm wavelengths. 
 
Flower number, plant height and width. Flower number was recorded non-destructively by 
counting each open flower on each treatment replicate (8 replicates for production phase, 4 replicates for 
consumer phase) at the end of both the production and consumer phases. Plant height and width (cm) was 
measured from the soil surface to the tallest or widest part of the plant with a yard stick on each treatment 
replicate (8 replicates for production phase, 4 replicates for consumer phase). 
Shoot dry mass. Root and shoot dry mass were measured by destructively-sampling four 
replicates per treatment at the end of the production and consumer phases. Shoots were collected by 
cutting plant stems just above the substrate surface (Figure 2.3). Substrate particles were washed gently 
from roots using de-ionized water (Figure 2.3). Shoot and root tissue were then rinsed in a 0.1 N HCl 





Figure 2.3. Root and shoot dry mass were measured by destructively-sampling four replicates per treatment at the 
end of both the production and consumer phase. Shoots were collected by cutting plant stems just above the 
substrate surface (A). Substrate particles were washed gently from roots using de-ionized water (B). Shoot and root 
tissue were then rinsed in a 0.1 N HCl solution followed by de-ionized water and oven-dried at 70°C for 48 hours. 
 
 
Tissue nutrient concentration. Dry root and shoot tissue were combined and analyzed for 
individual nutrient concentrations for petunia liners destructively sampled at the start of the experiment 
and for each replicate sampled at the end of production and consumer phases. Macronutrients and 
micronutrient concentrations were measured using inductively coupled plasma atomic emission 
spectrophotometry (ICP-AES) at Quality Analytical Laboratories (Panama City, FL), and included N, P, 
K, Ca, Mg, SO4-S, Fe, Mn, B, Cu, Zn, and Mo.  
Nitrogen immobilization  
Nitrogen immobilization for each substrate blend was tested using the Verband der 
Elektrotechnik, Elektronik und Informationstechnik e.V. (VDE) VDLUFA (2007) method. A 250 mL 
sample of each substrate blend was placed into a plastic beaker. Next, 8.3mL of a N solution (30g·L-1 N) 
mixed with reagent grade ammonium nitrate (NH4NO3) and de-ionized zero alkalinity water was pipetted 
and mixed into each sample, adding N at 1000mg·L-1 of substrate. De-ionized water was added until the 
substrate moisture reached 80% of the maximum moisture content, determined prior for each blend using 
a gravimetric technique, where samples were placed on a weigh scale and the sample weight 
corresponding to 80% moisture content was calculated. Substrate N was measured in one sample after 




covered with perforated plastic to allow gas exchange during incubation, and de-ionized water was added 
as needed to compensate for evaporation and to maintain 80% moisture content. Moisture content within 
each beaker was determined gravimetrically daily. A N extraction solution was added at 600 mL to each 
sample, where the extraction solution consisted of 0.01 mol·L-1 CaCl2 and 0.002mol·L
-1 DTPA (di-
ethylene tri-amine penta-acetic acid) mixed with reagent grade CaCl2 and Na-DTPA and de-ionized water 
with pH adjusted to 6 using HCl. N was measured in the solution filtered from each sample using 
automated and semi-automated colorimetry, and N concentration (NH4-N + NO3-N) was multiplied by the 
filtrate volume to calculate the mass of extracted N per sample. Nitrogen Drawdown Index (NDI) values 
were calculated by dividing the N mass after incubation by the N mass before incubation for each 
substrate blend, with three replicates per substrate blend for statistical analysis. 
Data analysis 
An Analysis of variance (ANOVA) from PROC GLM in SAS 9.4 (SAS Institute, Cary, NC) was 
used to evaluate the effect of the independent variables (substrate type and supplier) on the dependent 
variables (substrate-pH, substrate-EC, leachate nutrient concentration, leaf chlorophyll content, plant 
height and width, flower number, shoot dry mass, and tissue nutrient concentration). Data from the 
production and consumer phases were analyzed separately. Mean separation was performed using 












Results and Discussion 
Effect of substrate blend and supplier on substrate properties 
Initial substrate-pH was 6.38, 6.10, 6.40, and 6.38 and substrate-EC was 0.48, 1.20, 0.60, and 
0.40 mS·cm-1 for supplier 1 peat, peat:coir, peat:wood fiber, and peat:PTS blends, respectively. Initial 
substrate-pH was 6.31, 6.19, 6.01, and 6.13 and substrate-EC was 1.45, 1.93, 1.96, and 1.72 mS·cm-1 for 
supplier 2 peat, peat:coir, peat:wood fiber, and peat:PTS blends, respectively. Substrate physical 
properties (Table 2.1) were measured using methods described by Bilderback, 2009. Total pore space was 
not affected by the substrate blend from either supplier. There was a significant difference in the substrate 
physical properties (air-filled pore space, water-filled pore space, water-holding capacity, and dry bulk 
density) among the substrate blend treatments. These differences were only observed on blends from 
supplier 1. The peat:PTS blend had greater air-filled pore space and lower water-holding capacity 
compared to the peat control, while the peat:coir had lower air-filled pore space and greater water-holding 
capacity compared to the peat control. The peat:fiber substrate blend from supplier 1 had similar physical 
properties to the peat control. Supplier 2 substrate blends did not differ in physical properties. 
 
Table 2.1 Percent total pore space, percent air and water-filled pore space, water-holding capacity, and dry bulk 
density for peat, peat:coir, peat:PTS, and peat:fiber substrate blends formulated using materials from supplier 1 and 
2. Data represent least-square means of three replicates, and mean separation used Tukey’s honestly significant 














Supplier 1 Peat 87.0± 0.8 a 34.3± 0.3 b 52.7± 0.5 b 1.60± 0.01 b 96.8± 1.4 b 
 Peat:coir 88.6± 0.1 a 29.9± 0.2 c 58.6± 0.3 a 1.78± 0.01 a 94.6± 0.7 b 
 Peat:PTS 85.4± 0.3 a 37.4± 0.3 a 48.0± 0.5 c 1.45± 0.01 c 103.4± 0.7 a 
 Peat:fiber 86.4± 0.5 a 34.2± 0.6 b 52.2± 0.5 b 1.58± 0.01 b 96.8± 0.7 b 
 Significance NS ** *** *** * 
       
Supplier 2 Peat 82.2± 0.6 a 26.5± 0.8 a 55.7± 1.2 a 1.69± 0.03 a 86.9± 2.8 a 
 Peat:coir 86.5± 0.3 a 28.2± 1.0 a 58.3± 0.8 a 1.77± 0.02 a 81.4± 1.8 a 
 Peat:PTS 84.6± 0.1 a 31.1± 0.2 a 53.5± 0.2 a 1.62± 0.01 a 88.0± 0.7 a 
 Peat:fiber 84.9± 1.7 a 28.4± 1.6 a 56.6± 0.5 a 1.71± 0.01 a 89.1± 2.1 a 
  Significance NS NS NS NS NS 
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Effect of substrate blend and supplier during a simulated production phase 
Plant culture (production phase). Photosynthetically active radiation (PAR) and average daily air 
temperature (ADT) inside the greenhouse were (mean ± standard deviation) 19.0±8.3 mol·m-2·d-1 and 
23.0±3.8ºC, respectively. All plants were green and marketable at the end of the production phase (Figure 
2.4). Significant differences in substrate-pH and EC, leachate N concentration, leaf chlorophyll index 
(SPAD), flower number per plant, and shoot dry mass was observed between the two suppliers at the end 
of the production phase. There was also an effect of substrate blend on substrate-EC, leaf SPAD, flower 
number per plant, plant height and width, shoot dry mass and tissue N concentration at the end of the 
production phase. There was a significant interaction between supplier and substrate blend on flower 
number per plant and shoot dry mass at the end of the production phase (Table 2.2).  
Leachate (production phase). Substrate-pH was affected by supplier (p<0.0001) but not by 
substrate blend (p=0.7790, Table 2.3) at the end of the production phase. At the end of the production 
phase, substrate-pH was higher in supplier 1 substrate blends (average 6.5) compared to supplier 2 
substrate blends (average 6.3). Substrate-EC was affected by both supplier (p<0.0001) and substrate blend 
(p=0.0229) at the end of the production phase (Table 2.3). Supplier 2 substrate blends had higher 
substrate-EC at the end of the production phase compared to supplier 1 substrate blends. Supplier 2 peat 
(4.43 mS·cm-1) had the highest substrate-EC, followed by supplier 2 peat:coir (3.99 mS·cm-1) and 
supplier 2 peat:fiber (3.75 mS·cm-1). Substrate-EC was higher in supplier 2 substrate blends compared to 
supplier 1 substrate blends as a result of the gypsum incorporated into the supplier 2 peat, which released 







Table 2.2 Results of ANOVA (p-values) showing the effects of supplier and substrate blend on substrate-pH, 
substrate-EC, leachate nitrogen (N) concentration, leaf SPAD, flower number, plant height and width, shoot dry 
mass and percent nitrogen (N) in dry shoot tissue at the end of the production phase.  
 Main Effects Interaction Effects 
 Supplier Substrate Supplier*Substrate 
Variable (df = 1) (df = 3) (df = 3) 
Substrate-pH <0.0001 0.7790 0.9594 
Substrate-EC <0.0001 0.0229 0.1431 
Leachate N (mg·L-1) 0.0007 0.1371 0.8122 
Leaf SPAD <0.0001 0.0462 0.1034 
Flower number <0.0001 <0.0001 <0.0001 
Height (cm) 0.5770 0.0018 0.9093 
Width (cm) 0.5198 <0.0001 0.2013 
Shoot dry mass (g) <0.0001 <0.0001 0.0247 
Tissue % N 0.0670 0.0075 0.0607 
 
Differences in leachate N concentration were only observed by supplier (p=0.0007, Table 2.3) at 
the end of the production phase (Table 2.2). Supplier 2 substrates had higher overall leachate N (average 
70.5 mg·L-1 N) compared to supplier 1 substrates (57.9 mg·L-1 N). Nitrate N ranged from 46.2 to 72.6 
mg·L-1 NO3-N across supplier 1 and 2 blends (data not shown), and was within an acceptable range (40 to 
99 mg·L-1 NO3-N) recommended for general bedding plants (Nelson, 2012). 
Leaf chlorophyll content (production phase). Leaf chlorophyll content (SPAD) differed by 
supplier (p<0.0001) and substrate blend (p=.0462) at the end of the production phase (Table 2.3). Plants 
grown in substrate blends from supplier 2 (average 50.3) had overall higher leaf SPAD values compared 
to plants grown in substrate blends from supplier 1 (average 46.7). This was somewhat expected due to 
higher substrate-EC values and higher leachate N concentrations in the supplier 2 substrate blends. Plants 
grown in peat, peat:coir, and peat:PTS from both suppliers had higher leaf SPAD values compared to 
plants grown in peat:fiber. Leaf chlorophyll index (SPAD) values were above 40 for all plants, indicating 
dark green, healthy foliage with no signs of chlorosis.  
Flower number, plant height and width (production phase). At the end of the production phase, 
flower number per plant was affected by supplier (p<0.0001), substrate blend (p<0.0001) and an 
interaction between supplier and substrate blend (p<0.0001, Table 2.3). Plants grown in supplier 1 peat 
(85), peat:coir (84) and peat:PTS (92) had the highest number of flowers, followed by plants grown in 
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supplier 2 peat (77) and peat:coir (62). Plants grown in supplier 1 peat:fiber (45) and supplier 2 peat:PTS 
(53) and peat:fiber (47) had fewer flowers compared to the rest of the plants (Table 2.3). Plant height 
(p=0.0018) and width (p<0.0001) were only affected by substrate blend at the end of the production 
phase. Plants grown in peat:fiber (supplier 1, supplier 2) were shorter compared to plants grown in all 
other blends. Plants grown in peat, peat:coir, and peat:PTS tended to be wider compared to plants grown 
in peat:fiber (Table 2.3). The compact nature of plants grown in peat:fiber could be beneficial to growers. 
This could potentially be a strategy to reduce the amount of plant growth regulating chemicals used in 
many greenhouses to achieve a compact annual flowering crop.  
Shoot dry mass and tissue nutrient concentrations (production phase). Shoot dry mass was 
affected by supplier (p<0.0001), substrate blend (p<0.0001) and an interaction between supplier and 
substrate blend (p=0.0247) at the end of the production phase (Table 2.3). Plants grown in supplier 1 
peat:PTS (29.1 g·plant-1) were the largest, followed by plants grown in supplier 1 peat (27.4 g·plant-1), 
supplier 1 peat:coir (26.9 g·plant-1) and supplier 2 peat (25.3 g·plant-1). Plants grown in peat:fiber for both 
suppliers were smaller compared to all other plants (supplier 1 18.4 g·plant-1, supplier 2 16.9 g·plant-1).  
Flower number was positively correlated with shoot dry mass per replicate (r2 > 0.70, data not shown), 
and therefore plants with greater shoot growth had a greater number of flowers. 
Percent tissue N was affected by substrate blend (p=0.0075) only (Table 2.3) at the end of the 
production phase. Supplier did not have an effect on tissue N concentration (p=0.0670). Plants grown in 
supplier 2 peat (4.8%) had the highest tissue N concentration, while plants grown in supplier 1 peat:PTS 
(4.1%), supplier 1 peat:fiber (4.2%) and supplier 2 peat:coir (4.0%) had the lowest tissue N concentration 
at the end of the production phase. Shoot tissue N for all substrate blends was within the sufficiency range 
(3.85% to 7.60% N) recommended for petunia (Mills and Jones, 1996). 
  
 
 Table 2.3 Supplier and substrate blend effects on substrate-pH, substrate-EC, leachate nitrogen (N) concentration, leaf SPAD, flower number, plant height and 
width, shoot dry mass and percent nitrogen (N) in dry shoot tissue at the end of the production phase. Data represent means of four replicates. Within each 









plant Height (cm) Width (cm) 
Shoot dry mass 
(g) Tissue % N 
1 
Peat 6.5± 0.0  ab 1.52± 0.1 c 57.9± 2.2 ab 48.8± 0.9 ab 85±4 a 15.6± 0.7    ab 58.6± 1.5  ab 27.4± 1.0  ab 4.4± 0.0  ab 
Peat:coir  6.6± 0.1 a 1.94± 0.1 c 60.9± 1.8 ab 47.9± 0.8 abc 84±5 a 15.7± 0.7 ab 58.4± 2.4 ab 26.9± 0.7 ab 4.3± 0.1 ab 
Peat:PTS 6.5± 0.0 ab 1.38± 0.1 c 53.5± 0.8 b 45.8± 0.9 bc 92±6 a 15.7± 0.3 ab 57.9± 2.3 ab 29.1± 0.8 a 4.1± 0.1 b 
Peat:fiber 6.5± 0.0 ab 1.52± 0.0 c 59.4± 1.2 ab 44.4± 1.1 c 45±5 c 13.2± 0.6 b 47.5± 3.5 b 18.4± 1.9 d 4.2± 0.2 b 
2 
Peat 6.3± 0.1 b 4.43± 0.6 a 73.8± 11.5 ab 50.3± 0.7 a 77±6 ab 15.5± 0.4 ab 63.3± 3.2 a 25.3± 1.6 abc 4.8± 0.1 a 
Peat:coir 6.3± 0.1 b 3.99± 0.2 ab 76.3± 3.1 a 50.2± 0.9 a 62±4 bc 16.5± 1.0 a 54.3± 2.3  ab 22.4± 1.1 bcd 4.0± 0.1 b 
Peat:PTS 6.3± 0.1 b 3.15± 0.1 b 62.2± 2.2 ab 50.8± 0.6 a 53±4 c 15.6± 1.0 ab 52.9± 1.9 ab 20.0± 0.9 cd 4.5± 0.1 ab 







Figure 2.4 Petunia plants grown in 100% peat, 70% peat 30% coir, 70% peat 30% PTS, and 70% peat 30% wood fiber from supplier 1 and 2 after a 6-






Effect of substrate blend and supplier during a simulated consumer phase 
Plant culture (consumer phase). Plants continued to grow during the consumer phase in the 
absence of fertilizer (Figure 2.5). Supplier affected substrate-pH and EC, flower number per plant, shoot 
dry mass and tissue N concentration at the end of the consumer phase. Substrate blend affected substrate-
EC and shoot dry mass at the end of the consumer phase. There was an interaction effect between supplier 
and substrate blend on substrate-EC at the end of the consumer phase (Table 2.4).  
Leachate (consumer phase). Substrate-pH was only affected by supplier (p<0.0001) at the end of 
the consumer phase (Table 2.5). Supplier 1 substrate blends had higher overall substrate-pH (average 6.9) 
compared to supplier 2 substrate blends (average 6.6). Substrate-EC was affected by supplier (p<0.0001), 
substrate blend (p<0.0001) and an interaction between supplier and substrate blend (p=0.0002). Supplier 
2 blends (average 1.5 mS·cm-1) all had higher substrate-EC than supplier 1 blends (average 0.11 mS·cm-
1). Again, this is probably a result of the gypsum incorporated into the supplier 2 peat. Supplier 2 peat 
(2.09 mS·cm-1) and peat:coir (1.91 mS·cm-1) had the highest substrate-EC at the end of the consumer 
phase, followed by peat:fiber (1.23 mS·cm-1) and peat:PTS (0.76 mS·cm-1). Leachate N concentration was 
not affected by either supplier (p=0.4880) or substrate blend (0.2287) at the end of the consumer phase 
(Table 2.5). In some blends, substrate N was insufficient (<39 mg·L-1 N) according to recommendations 
by Nelson, 2012.  
Table 2.4 Results of ANOVA (p-values) showing the effects of supplier and substrate blend on substrate-pH, 
substrate-EC, leachate nitrogen (N) concentration, leaf SPAD, flower number, plant height and width, shoot dry 
mass and percent nitrogen (N) in dry shoot tissue at the end of the consumer phase. 
 Main Effects Interaction Effects 
 Supplier Substrate Supplier*Substrate 
Variable (df = 1) (df = 3) (df = 3) 
Substrate-pH <0.0001 0.7440 0.1737 
Substrate-EC <0.0001 <0.0001 0.0002 
Leachate N (mg·L-1) 0.4880 0.2287 0.1188 
Leaf SPAD 0.5672 0.1881 0.1528 
Flower number 0.0005 0.5982 0.1119 
Height (cm) 0.7776 0.9956 0.3250 
Width (cm) 0.9680 0.2639 0.4325 
Shoot dry mass (g) <0.0001 0.0001 0.5813 





Leaf chlorophyll content (consumer phase). Leaf SPAD was not affected by supplier (p=0.5672) 
or substrate blend (p=0.1881) at the end of the consumer phase (Table 2.5). Plants with the highest leaf 
SPAD values (32.2) were grown in supplier 2 peat:coir, while the plants with the lowest leaf SPAD 
values (23.8) were grown in supplier 2 peat:PTS. Visual symptoms of leaf chlorosis were observed at leaf 
SPAD values of approximately 35 and lower in this experiment. All plants developed chlorosis by the end 
of the consumer phase.  
Flower number, plant height & width (consumer phase). Flower number per plant was only 
affected by supplier (p=0.0005) at the end of the consumer phase (Table 2.5). Plants grown in supplier 1 
substrate blends had overall more flowers per plant (average 130) compared to plants grown in supplier 2 
substrate blends (average 100). Plant height was not affected by either supplier (p=0.7776) or substrate 
blend (p=0.9956) at the end of the consumer phase and averaged 23.7 cm across all plants. Plant width 
was also not affected by either supplier (p=0.9680) or substrate blend (p=0.2639) at the end of the 
consumer phase and averaged 87.5 cm across all plants. All plants got increasing leggy throughout the 
consumer phase.  
Shoot dry mass and tissue nutrient concentrations (consumer phase). Shoot dry mass was 
affected by both supplier (p<0.0001) and substrate blend (p=0.0001) at the end of the consumer phase 
(Table 2.5). Plants grown in substrate blends from supplier 1 were overall larger (average 61.5 g·plant-1) 
compared to plants grown in substrate blends from supplier 2 (average 50.8 g·plant-1). The largest plants 
were grown in supplier 1 peat (68.2 g·plant-1) and the smallest plants were grown in supplier 2 peat:PTS 
(44.0 g·plant-1). Percent tissue N was only affected by supplier (p=0.0414) at the end of the consumer 
phase, where plants grown in supplier 2 substrate blends had higher tissue N concentrations (average 
2.1%) compared to plants grown in supplier 1 substrate blends (average 1.8%). Shoot tissue N for all 
substrate blends was fell below the sufficiency range (3.85% to 7.60% N) recommended for petunia 
(Mills and Jones, 1996).
  
Table 2.5 Supplier and substrate blend effects on substrate-pH, substrate-EC, leachate nitrogen (N) concentration, leaf SPAD, flower number, plant height and 
width, shoot dry mass and percent nitrogen (N) in dry shoot tissue at the end of the consumer phase. Data represent means of four replicates. Within each 






(mg·L-1) Leaf SPAD 
Flower per 
plant Height (cm) Width (cm) 
Shoot dry mass 
(g) Tissue % N 
1 
Peat 7.0± 0.1 a 0.11± 0.0 c 0.42± 0.06 a 28.2± 3.2  a 141± 10 a 22.6± 1.9  a 88.9± 1.8 a 68.2± 1.8  a 2.0± 0.2 a 
Peat:coir 7.0± 0.1 a 0.15± 0.0 c 0.54± 0.20 a 27.7± 2.7 a 123± 6 ab 22.2± 2.1 a 91.8± 3.9 a 65.8± 1.8 ab 1.7± 0.0 A 
Peat:PTS 7.0± 0.1 a 0.08± 0.0 c 0.46± 0.02 a 27.2± 2.1 a 115± 13 ab 24.5± 3.0 a 83.8± 3.7 a 49.9± 4.3 cd 1.7± 0.0 a 
Peat:fiber 6.8± 0.1 ab 0.10± 0.0 c 0.46± 0.01 a 29.7± 2.0 a 140± 11 a 25.1± 1.8 a 85.1± 2.6 a 62.0± 3.9 abc 2.0± 0.0 a 
2 
Peat 6.6± 0.1 c 2.09± 0.1 a 0.85± 0.39 a 27.9± 1.2 ab 88± 9 b 25.1± 1.4 a 84.5± 1.6 a 57.0± 3.0 abcd 2.2± 0.3  a 
Peat:coir 6.6± 0.1 c 1.91± 0.3 a 0.31± 0.05  a 32.2± 2.0 a 115± 17 ab 25.4± 2.3 a 90.8± 5.0 a 53.9± 1.7 bcd 2.0± 0.0  a 
Peat:PTS 6.7± 0.1 bc 0.76± 0.1 b 0.19± 0.02 a 23.8± 1.9 b 99± 10 ab 23.5± 0.8 a 90.2± 4.8 a 44.0± 3.0 d 2.1± 0.2  a 









Figure 2.5 Petunia grown in 100% peat, 70% peat 30% coir, 70% peat 30% PTS, and 70% peat 30% wood fiber from suppliers 1 and 2 after 6 weeks in 






N immobilization  
N immobilization was not significantly different between substrate blends tested in this study 
(data not shown). Nitrogen Drawdown Index (NDI) values less than 1 indicate N immobilization, values 
greater than 1 indicate N mineralization and values equal to 1 indicate no N 
immobilization/mineralization effect. Substrate blend did not influence nitrogen drawdown index values 
for either supplier in this study. Index values ranged from 0.90 (peat:PTS) to 1.05 (peat) with supplier 1 
blends and from 0.97 (peat:PTS) to 0.99 (peat) with supplier 2 blends. Evaluation of N immobilization in 
raw wood fiber and PTS was beyond the scope of this study, and only substrate blends were tested. It is 
likely that raw wood fiber and PTS have potential to immobilize N and incorporating these components at 
greater than 30% of the substrate volume may result in a N immobilization effect for these substrate 
blends. 
Conclusions 
The results of this study show the feasibility of growing petunia in soilless substrates amended 
with 30% coconut coir, PTS, or wood fiber. Plants grown in peat from both suppliers performed the best 
with regard to leaf greenness, growth, and flowering compared to the blends. However, amending soilless 
substrates with 30% coconut coir, PTS or wood fiber had little effect on plant performance and N 
availability in this study. Incorporating coconut coir or wood materials at higher rates may have a more 
pronounced effect on plant growth and result in greater N immobilization (Handreck, 1993b; Jackson et 
al., 2008; Wright et al., 2008). It is also possible that the moderately-high N concentration in the applied 
water-soluble fertilizer (250 mg·L-1 N) promoted plant growth and minimized substrate effects than if we 
had used lower fertilizer N concentrations. The more compact nature of plants grown in substrates 
amended with wood materials could benefit growers by allowing for a reduction in plant growth 
regulating chemicals.  
Results of this study showed that coconut coir, PTS or wood fiber can be used as a fractional 
substitute to peat moss or other common soilless substrate components. When blended with peat at 30% 
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of the total volume, these materials did not have detrimental effects on plant performance. More research 
is needed to determine if these materials will have a greater effect on plant performance when 




CHAPTER 3: EVALUATING APPLIED FERTILIZER NITROGEN CONCENTRATION ON 
THE PERFORMANCE OF PETUNIA GROWN IN WOOD FIBER SOILLESS SUBSTRATES 
Introduction 
Soilless plant culture involves growing horticultural crops in substrates that lack mineral field-soil 
components (Savvas, D., Gianquinto, G., Tuzel, Y., Gruda, 2013). Sphagnum peat moss is the most 
popular substrate component utilized in floriculture bedding plant production (Schmilewski, 2009), and 
usually makes up about 50-80% of the substrate by volume in North America (Nelson, 2012). This 
material is widely used because of its physical, chemical, and biological properties (Krucker et al., 2010; 
Robertson, 1993; Schmilewski, 2008). Increased costs and occasional shortages of peat have resulted in 
the increased demand for alternative substrate components (Jackson et al., 2008; Meerow, 1994). Wood 
fiber shows great potential as an alternative to peat in soilless substrate formulations (Gruda and 
Schnitzler, 2001).  
The term “wood fiber” lacks a strict definition and refers to a wide range of materials made from 
the extensive secondary processing of fresh wood chips (Maher et al., 2008). Wood chips are processed in 
a high pressure and high temperature environment, which rapidly ages the material and creates a stable 
and sterile material (Gruda and Schnitzler, 2004; Maher et al., 2008; Schmilewski, 2008). These materials 
were first developed for use in soilless substrate in the 1980’s in Germany (Schmilewski, 2008), and since 
2004 have gained significant interest in the United States (Jackson, 2016). Substrates made up of (by 
volume) 20-40% wood fiber have gained noteworthy interest among floriculture operations in North 
America (Drotleff, 2018).  
Incorporating wood fiber into soilless substrates has the potential to alter the substrate chemical 
and physical properties (Bugbee and Heins, 2019). Wood materials have the potential to immobilize 
nitrogen (N) (Blok et al., 2008; Handreck, 1992a; Jackson et al., 2009a; Maher et al., 2008; Prasad, 
1996a) as a result of microbial decomposition in materials with a C:N ratio beyond 30:1 (Bunt, 1988; 
Nelson, 2012). Research has shown that substrates amended with wood materials require higher N 
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concentrations to produce marketable plants (Gruda et al., 2000; Jackson et al., 2008; Maher et al., 2008; 
Prasad, 1996a). Wright et al., 2008 found that plants grown in substrates containing wood materials 
required about 100 mg/L-1 N more fertilizer to obtain comparable growth to plants grown in peat-based 
substrates. 
The objective in this study was to evaluate the effects of applied fertilizer N concentration on 
performance of petunia in substrates amended with wood fiber and hammer milled pine wood (pine tree 
substrate, PTS) compared to a (by volume) 100% peat control, during a production and consumer phase. 
We hypothesized that when plants grown in substrates amended with wood materials are fertilized with 
increased N concentrations on a constant basis, growth and performance will be comparable to plants 
grown in a 100% peat control substrate.  
Materials and Methods 
Experimental design 
A two-factor factorial experiment evaluated the effects of substrate blend and fertilizer N 
concentration for effects on plant performance with container grown petunia (Petunia × hybrida Mill.). 
The experiment included three substrate types and four fertilizer N concentrations (3 x 4), for a total of 12 
treatments. Treatments were arranged in a randomized complete block design with four blocks and two 
replications per treatment in each block for a total of 96 total containers. An experimental unit consisted 
of a single potted petunia plant and each block was assigned to a separate bench in the same greenhouse. 
Plant performance was evaluated for each treatment replicate after a greenhouse production phase (35 
days) and a simulated retail consumer phase (21 days). One treatment replicate per block was the 
designated production phase plant, while the second was the designated consumer phase plant. Both 
production and consumer phases were conducted in a controlled-environment glass greenhouse at the 
MacFarlane greenhouse complex at the University of New Hampshire (UNH) in Durham, NH (35.9940° 




Three substrate treatments were evaluated in this study; peat, peat:wood fiber, and peat:pine-tree 
substrate. Substrate blend treatments consisted of coarse Canadian sphagnum peat moss incorporated with 
(by volume) 50% pine wood fiber or 50% hammer-milled pine wood (pine tree substrate, PTS). PTS was 
manufactured from southern loblolly pine (Pinus taeda L.) (Young’s Plant Farm, Auburn, AL). Wood 
fiber was also manufactured from southern loblolly pine and was an experimental proprietary product. 
The 100% peat blend served as a control. After blending, substrate blends were amended with a wetting 
agent (3 mL·ft-3, PsiMatric; Aquatrols, Paulsboro, N.J.), dolomitic carbonate limestone [(Oldcastle Lawn 
and Garden, Bowling Green, FL; pulverized limestone with 23% Ca and 13% Mg of which 85% passed 
through a 150-µm mesh and with an acid neutralizing value of 82% calcium carbonate equivalents 
(CCE)], and a pre-plant nutrient charge from a 17.0N-2.2P-14.1K-4.0Ca-1.0Mg commercial water-
soluble fertilizer (25% NH4-N 75% NO3-N, GreenCare Fertilizers, Kalamazoo, IL) before planting.  
Lime rates were determined for each substrate blend independently with small batch tests. 
Approximately 250mL of each substrate blend was incubated at room temperature with increasing rates of 
limestone (0, 0.25, 0.50, and 0.75 g/250mL) for 7 days in zip-lock bags. After the incubation period, 
substrate-pH was measured in each replicate using a Orion™ Versa star Pro advanced electrochemistry 
meter (Thermo Scientific, Waltham, MA) using the saturated media extract (SME) method (Warncke, 
1986). Lime rate was then determined based on the relationship between pH and lime amendment for 
each substrate blend. A separate calibration curve was developed for each substrate blend (See Appendix 
B). 
Plant culture 
Petunia ‘Supertunia Vista Bubblegum’ liners in 128-cell trays (Pleasant View Gardens, Loudon, 
NH) were transplanted into 11.5 cm (4.5-inch) diameter standard plastics pots (Poppelmann Plastics US 
LLC, Claremont, NC) at one plant per container. Each planted container held one of the substrate blends 
and was considered one treatment replicate. Plastic saucers placed under each container collected leachate 
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after each irrigation event and allowed for reabsorption into the substrate. All plants were nourished with 
a complete water-soluble fertilizer for a production phase lasting 35 days.  
Plants were fertilized at each irrigation with their designated fertilizer N concentration (50, 100, 
200 or 400 ppm-N) from a 17.0N-2.2P-14.1K-4.0Ca-1.0Mg commercial water-soluble fertilizer (25% 
NH4-N 75% NO3-N, GreenCare Fertilizers, Kalamazoo, IL) mixed with de-ionized zero alkalinity water. 
Irrigation events consisted of hand-dosing each container with a plastic beaker. Data were collected at the 
end of the production phase, and four plants per treatment (designated production phase plants, 1 per 
block, 48 total plants) were destructively sampled for measuring shoot dry mass. The remainder of plants 
(designated consumer phase plants, 1 per block, 28 total plants) were grown for an additional 21 days 
where they received clear tap water at each irrigation for a simulated consumer phase. Environmental data 
(i.e., average daily temperature and light levels) was collected using Argus Control Software Firmware 
Version 12.43 Build 00063 (Argus Control Systems Ltd., Surry, BC). Supplemental lighting was 
provided by high-pressure sodium light bulbs hung above the greenhouse benches if the natural daily light 
integral (DLI) did not exceed 12 mol·m-2·d-1.  
Data collection 
Data collected at the end of the 35-day production phase included substrate-pH and electrical 
conductivity (EC), leaf chlorophyll index, maximum plant height and width (cm), and flower number per 
plant for each replicate plant (eight replicates per treatment). Four replicates per treatment were 
destructively sampled to determine plant growth as total shoot dry mass. The data collected at the end of 
the production phase was also collected on the remaining four replicates per treatment at the end of the 
consumer phase. 
Leachate. Leachate was collected for each replicate (8 replicates for production phase, 4 
replicates for consumer phase) using the PourThru extraction method (Wright, 1986). Substrate-pH and 
EC (mS·cm-1) was measured using a Hanna HI 9811 instrument (Hanna Instruments, Woonsocket, RI).  
Leaf chlorophyll content. Leaf chlorophyll content was measured non-destructively for each 
replicate at day 35, 49 and 63 after planting using a Minolta SPAD index meter (Spectrum Technologies, 
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Aurora, IL). This meter calculates index values from the amount of light absorbed at 680nm and 700nm 
wavelengths. Each SPAD value was the average of four measurements taken on four randomly selected 
leaves per replicate. In this experiment, plants with SPAD values greater than ~30 had visibly green 
leaves, whereas plants with SPAD values less than 30 showed leaf chlorosis. 
Flower number and plant height and width. Flower number was recorded non-destructively by 
counting each open flower on each treatment replicate (eight replicates for production phase, four 
replicates for consumer phase). Plant height and width (cm) was measured from the soil surface to the 
tallest or widest part of the plant with a yard stick on each treatment replicate (8 replicates for production 
phase, 4 replicates for consumer phase). 
Shoot dry mass. Shoot dry mass was measured by destructively-sampling four replicates per 
treatment at the end of both the production and consumer phase. Shoots were collected by cutting plant 
stems just above the substrate surface. Substrate particles were washed gently from shoots using de-
ionized water. Shoot tissue was then rinsed in a 0.1 N HCl solution followed by de-ionized water. Tissue 
was then oven-dried at 70°C for 48 hours and weighed to the nearest 0.1g. 
Data analysis 
Analysis of variance (ANOVA) from PROC GLM in SAS 9.4 (SAS Institute, Cary, NC) was 
used to evaluate substrate blend and fertilizer N concentration effects on substrate-pH and EC, leaf 
chlorophyll index, plant height and width, flower number and shoot dry mass. Data were analyzed 
separately for production and consumer phases. Mean separation used Tukey’s honestly significant 
difference (HSD) at α=0.05. 
Results and Discussion 
Effect of substrate blend and fertilizer nitrogen during a simulated production phase 
Photosynthetically active radiation (PAR) and average daily air temperature (ADT) inside the 
greenhouse were (mean ± standard deviation) 12.3±2.8 mol·m-2·d-1 and 20.0±1.0ºC, respectively. Initial 
substrate-pH of 6.7±0.47 and substrate-EC of 0.84±0.15 mS·cm-1 across blends. All plants were green and 
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marketable at the end of the production phase (Figure 3.1). Substrate blends influenced substrate-pH and 
EC, leaf chlorophyll content, flower number, plant height and width and shoot dry mass at the end of the 
production phase. Fertilizer N concentration influenced substrate-pH and EC, leaf chlorophyll content, 
flower number, plant width, and shoot dry mass at the end of the production phase.  
.  
Figure 3.1 Petunia grown in 100% peat, 50% peat 50% wood fiber, and 50% peat 50% PTS and fertilized with 50, 
100, 200 and 400ppm-N at the end of the production phase 
 
Leachate (production phase). Substrate blend and fertilizer N concentration had a significant 
interaction effect on both substrate-pH (p=0.004) and substrate-EC (p<0.0001) at the end of the 
production phase. Mean substrate-pH was 5.8 for the PTS blend and 5.5 for the wood fiber and peat 
blends (Table 3.1), which is within the recommended pH range for petunia (pH 5.2 to 6.0) by Cavins et 
al., 2000. Increasing applied fertilizer N concentration decreased substrate-pH and increased substrate-EC 
for all substrate blends at the end of the production phase (Table 3.1). Increasing substrate-EC has 
potential to decrease substrate-pH as a result of nutrient interactions with the substrate, particularly the 





200ppm 400ppm 100% 
peat 
50% peat 50% PTS 
50% peat 50% wood fiber 
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Table 3.1 Effect of substrate blend and applied fertilizer nitrogen (N) concentration on mean substrate-pH and mean 
substrate-EC at the end of production and consumer phases. Data represent means of four replicates. Within a 
column, means followed by the same letter are not significantly different as determined by Tukey’s honestly 




End of production End of consumer 
pH EC (mS∙cm–1) pH EC (mS∙cm–1) 
Peat 
100:0  
50 5.8± 0.2 abc 0.3± 0.0  f 5.7± 0.4 a 0.2± 0.0 abc 
100 5.6± 0.1 cde 0.6± 0.0 e 5.5± 0.2 a 0.2± 0.0 bc 
200 5.4± 0.0 ef 1.4± 0.1 d 5.5± 0.1 a 0.2± 0.0 bc 
400 5.3± 0.1 f 3.2± 0.1 a 5.4± 0.1 a 0.1± 0.0 c 
Peat: fiber 
50:50 
50 5.7± 0.1 cd 0.3± 0.0 f 5.5± 0.1 a 0.2± 0.0 bc 
100 5.6± 0.1 de 0.5± 0.0 ef 5.5± 0.1 a 0.2± 0.0 bc 
200 5.4± 0.1 ef 1.2± 0.0 d 5.6± 0.1 a 0.2± 0.0 bc 
400 5.4± 0.1 f 2.5± 0.1 c 5.5± 0.1 a 0.2± 0.0 abc 
Peat: PTS 
50:50 
50 5.9± 0.1 a 0.3± 0.0  ef 5.4± 0.1 a 0.3± 0.0 a 
100 5.9± 0.1 a 0.6± 0.0  e 5.4± 0.0 a 0.2± 0.0 ab 
200 5.8± 0.1 ab 1.3± 0.1 d 5.5± 0.0 a 0.2± 0.0 ab 
400 5.7± 0.1 bcd 2.8± 0.1 b 5.5± 0.0 a 0.2± 0.0 ab 
 
Substrate <0.0001x <0.0001 NS <0.0001 
ppm N <0.0001 <0.0001 NS NS 
Substrate * ppm N 0.0040 <0.0001 NS NS 
xp-values are reported for the main effects and interaction effects between treatments within each column. NS=not 
significant. 
 
Leaf chlorophyll content (production phase). At the end of the production phase, significant 
differences in leaf chlorophyll content were observed among substrate blends (p<0.0001) and N 
concentration (p<0.0001) treatments but the interaction was not significant (p=0.0702). Plants grown in 
the PTS blend had the highest leaf chlorophyll content (49.2), whereas plants grown in the wood fiber 
blend (43.4) had the lowest leaf chlorophyll content (Table 3.2). Increasing N concentration decreased 
leaf chlorophyll content at the end of the production phase (Table 3.2). Regardless of substrate type or 
fertilizer N concentration, all plants were green and showed no signs of N deficiency at the end of the 








Table 3.2 Effect of substrate blend and applied nitrogen (N) concentration on mean leaf chlorophyll 
content of petunia at the end of the production and consumer phases. Data represent means of four 
replicates, and mean separation used Tukey’s honestly significant difference (HSD) at α=0.05.  
 
Treatment 
Leaf chlorophyll content 
End of production End of consumer 
Substrate Peat 46.1± 1.3 b 33.8± 0.7  b 
 Fiber 43.4± 1.1 b 39.6± 1.3 a 
 PTS 49.2± 1.3 a 41.8± 1.9 a 
Applied N 
(mg∙L-1) 50 52.5± 1.1 a 40.5± 1.5 a 
 100 48.2± 1.3 b 41.1± 2.1 a 
 200 42.2± 1.2 c 37.1± 1.9 ab 
 400 42.2± 1.1 c 34.9± 1.4 b 
 
Flower number, plant height and width (production phase). At the end of the production phase, 
substrate blend (p<0.0001) and fertilizer N concentration (p<0.0001) had a significant effect on number 
of flowers per plant, but there was no interaction effect (p=0.0621). Plants grown in the peat blend had the 
greatest number of flowers (19) per plant at the end of the production phase, followed by plants grown in 
the wood fiber blend (14) and the PTS (11) blend (Data not shown). Number of flowers per plant also 
increased with increasing fertilizer N concentration and the average number of flowers per plant across all 
treatments was 15. Plant height differed by substrate blend (p<0.0001) at the end of the production phase, 
where the tallest plants were grown in the peat blend (15.5 cm). Plant width differed by substrate blend 
(p<0.0001) and fertilizer N concentration (p<0.0001) at the end of the production phase, with no 
interaction effect (p=0.1946). Plants grown in PTS and wood fiber had a more compact nature, while 
plants grown in peat were wider and leggier (figure 3.1). Plant width also increased with increasing 
fertilizer N concentration.  
Shoot dry mass (production phase). Shoot dry mass differed by substrate blend (p<0.0001) and 
fertilizer N concentrations (p<0.0001) at the end of the production phase (Figure 3.2A) but there was no 
interaction effect (p=0.4959). Shoot dry mass was highest for plants grown in peat (7.7 g·plant-1), 
followed by plants grown in wood fiber (5.2 g·plant-1) and plants grown in PTS were the smallest (3.9 
g·plant-1). Shoot dry mass increased with increasing fertilizer N concentration for all substrate blends. The 
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plants grown in substrates amended with wood materials never achieved growth comparable to the plants 
grown in the peat substrate blend, even when fertilized with elevated N concentrations.  
Effect of substrate blend and fertilizer nitrogen during a simulated consumer phase 
At the end of the consumer phase, substrate blends influenced substrate-EC, leaf chlorophyll 
content, flower number, plant height and width, and shoot dry mass. Fertilizer N concentration influenced 
leaf chlorophyll content, flower number, plant width and shoot dry mass at the end of the consumer phase. 
Leachate (consumer phase). Substrate-pH at the end of the consumer phase was not affected by 
the substrate blend (p=0.6719) or the fertilizer N concentration (p=0.9739) and averaged 5.5 across all 
blends (Table 3.1). Substrate-pH for all substrate blends remained within the 5.2 to 6.0 pH range 
recommended for petunia by (Cavins et al., 2000) during production and consumer phases. At the end of 
the consumer phase substrate-EC was affected by substrate blend (p<0.0001), but not fertilizer N 
concentration (p=0.1786). Substrate-EC for all substrate blends was below the recommended substrate-
EC range for petunia, 2.0-3.5 mS∙cm–1 (Cavins et al., 2000) by the end of the consumer phase.  
Leaf chlorophyll content (consumer phase). Leaf chlorophyll content differed by substrate blend 
(p<0.0001) and N concentration (p=0.007) but the interaction was not significant (p=0.395)at the end of 
the consumer phase. Leaf chlorophyll content at the end of the consumer phase showed similar trends to 
leaf chlorophyll content at the end of the production phase. Chlorophyll content dropped significantly, 
and plants were visibly less green in all plants by the end of the consumer phase, which is to be expected 
when depriving the plant of its previously consistent nutrient supply. This drop in chlorophyll content was 
simultaneous with a drop in substrate-EC. Bedding plants tend to develop nutrient deficiencies rapidly 
without a residual supply of fertilizer, thus their overall quality declines (Argo and Biernbaum, 1993; 
Armitage, 1993; de Oliveira et al., 2016) 
Flower number, plant height and width (consumer phase). There were significantly different 
number of flowers per plant between substrate blends (p<0.0001) and fertilizer N concentrations 
(p<0.0001) at the end of the consumer phase (Data not shown). Plants grown in the peat blend had the 
greatest mean flowers per plant (40), followed by the plants grown in wood fiber (31) and the plants 
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grown in PTS (22) had the fewest number of observed flowers. Flower number per plant also increased 
with increasing fertilizer N concentration. Both trends were observed at the end of both the production 
and consumer phase. There was no interaction between the effects of substrate blend and fertilizer N 
concentration on flower number per plant at the end of the consumer phase (p=0.313). Plant height was 
only affected by substrate blend (p=0.0245) at the end of the consumer phase, where plants grown in 
wood fiber were the tallest (17.1 cm). Plant width was influenced by both substrate blend (p<0.0001) and 
fertilizer N concentration (p<0.0001) at the end of the consumer phase, but there was no interaction 
between these effects (p=0.4288). Plants grown in wood fiber (51.1 cm) and PTS (46.1 cm) stayed more 
compact compared to plants grown in peat (61.3 cm). Plant width also increased with increasing fertilizer 
N concentration.  
Shoot dry mass (consumer phase). Shoot dry mass was affected by substrate blend (p<0.0001) 
and fertilizer N concentrations (p<0.0001) at the end of the consumer phase (Figure 3.2) but there was no 
interaction effect (p=0.3113). The data show similar trends for the production and consumer phases, 
where the peat blend had the most growth (12.6 g·plant-1), the wood fiber had intermediate growth (9.8 
g·plant-1) and the PTS had the least (6.8 g·plant-1) amount of shoot growth. The fertilizer N concentration 
also had a similar effect on shoot dry mass where the dry mass increased with increasing fertilizer N. 





Figure 3.2: Effect of substrate blend and nitrogen (N) concentration on mean shoot dry mass (g) of petunia per 4.5-
inch diameter pot at the end of a production phase (A) and at the end of a consumer phase (B). Error bars represent 
the standard error of the mean. Data represent means of four replicates, and mean separation used Tukey’s honestly 
significant difference (HSD) at α=0.05.  
 
Conclusions 
 All plants were dark green and of marketable quality at the end of a production phase of 5 weeks 
in this study. Flower number per plant increased with increasing shoot mass, while leaf chlorophyll 
content decreased. Plants grown in substrates amended with wood materials had a more compact nature 
and did not achieve comparable growth to plants grown in 100% peat, even when fertilized with an 
elevated N concentration (i.e., 200-400 ppm N) on a constant basis. These observations do not support our 
initial hypothesis on the effect of fertilizer N concentration on plant growth in wood fiber-amended peat 
blend. Instead, results of this study indicate that the incorporation of wood materials into soilless 



































































growth could be due the physical properties of wood materials or potentially harmful compounds within 
the wood materials. More research is needed to understand the mechanism(s) responsible for the slight 







CHAPTER 4: EVALUATING WOOD FIBER SOILLESS SUBSTRATES FOR EFFECTS ON 
SUBSTRATE-pH AND NUTRENT MANAGAMENT IN CONTAINER CROPS 
Introduction 
  Substrate-pH is extremely important in the production of container crops because it directly 
influences the solubility and availability of essential plant nutrients. For example, the solubility of many 
micronutrients (i.e., iron, manganese, zinc, and boron) and phosphorus decreases with increasing 
substrate-pH (Figure 1.2) (Argo, 2003a; Peterson, 1981). Substrate-pH is affected by the interaction of 
several factors, including substrate materials, limestone type and application rate, applied nutrients and 
concentrations, irrigation water alkalinity, and plant species (Argo and Biernbaum, 1997, 1996; Peterson, 
1981). The most commonly used substrate materials (i.e., peat moss, aged pine bark, and coconut coir) are 
primarily acidic (pH 4.0-4.5) (Rippy et al., 2007) and require the addition of limestone to bring the 
substrate-pH to within the desired range for the crop plant (Nelson, 2012). Limestone amendments 
neutralize acidity and help to provide the substrate with some pH buffering (Nelson, 2012). Limestone 
(calcium and magnesium carbonate) and water alkalinity (calcium bicarbonate, magnesium bicarbonate, 
and sodium bicarbonate) influence substrate-pH in a similar way (Argo, 2003b). If too much limestone is 
added to the substrate or if irrigation water alkalinity is high, substrate-pH will increase to levels out of 
the desired range for most container crops (Argo, 2003b).  
The fertilizer a grower applies to their crop can also have an effect on substrate-pH over time 
depending on the nitrogen (N) form and concentration applied (Argo and Biernbaum, 1997, 1996). Using 
a fertilizer containing mostly ammonium N (NH4
+) or urea N (CH4N2O) produces an acidic reaction 
(decreases pH) because of an H+ efflux from roots during nutrient uptake and from nitrification (Dickson 
et al., 2017). On the other hand, using a fertilizer that contains primarily nitrate N (NO3
-) usually results in 
a basic reaction (increases pH) because of an efflux of hydroxyl (OH-) or bicarbonate (HCO3
-) ions from 
roots (Haynes, 1990). Most fertilizers are made up of a mixture of these salts, so the overall pH effect will 
depend on the ratio of the different N forms (Argo, 2003b). The general effect of fertilizer on substrate-
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pH will also depend on all the other factors previously mentioned (i.e., substrate material, lime 
amendment, and irrigation water alkalinity).  
Processed wood materials, such as wood fiber (WF), show great potential as alternatives to peat 
and pine bark in soilless substrate formulations (Gruda and Schnitzler, 2001). Initial substrate-pH of these 
wood products tends to be higher (up to pH 6.6) compared to peat and bark (Jackson et al., 2009b; 
Jackson et al., 2008; Wright et al., 2008) and the lime requirements are unknown (Jackson et al., 2009) . 
This leads to several questions regarding the pH buffering capacity of wood-based substrates and nutrient 
management approaches for crops grown in these substrates. The objectives of this study were to (1) 
evaluate the pH buffering capacity of soilless substrates differing in their peat:WF ratios and (2) evaluate 
the effects of pH buffering on plant performance using container-grown impatiens (Impatiens walleriana) 
as a model system. We hypothesized that substrate and fertilizer treatment will have an effect on plant 
performance and pH buffering.  
Materials and Methods 
Experimental Design 
In January 2019 (Experiment 1) and April 2019 (Experiment 2), six substrate blends and three 
commercial fertilizers (6 x 3) were evaluated in a 2-factor experiment for effects on pH and plant 
performance with container grown impatiens (Impatiens walleriana). Substrate blends are described 
below. The three commercial fertilizers included an (1) acidic, (2) basic, and (3) neutral formulation 
(Table 4.1). Each of the six substrate blends were evaluated with the three commercial fertilizers for a 
total of 18 treatments. There were nine replicate plants per treatment for a total of 162 containers. 
Replicates were arranged using a randomized complete block design with three blocks and three 
replicates per block, where each block was a separate bench in the same greenhouse. Plant performance 
was evaluated after a greenhouse production phase lasting 42 days (6 weeks). This experiment was 
conducted in a controlled-environment glass greenhouse at the University of New Hampshire (UNH) in 
Durham, NH (35.9940° N, 78.8986° W).  
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Table 4.1 Three commercial fertilizer treatments used in this study (experiments 1 and 2). All fertilizer blends were 




Analysis Actual  % NO3 %NH4 % Urea %P %K %Ca %Mg 
Acidic 25-5-15 25N-2.2P-12.5K 57 43 0 8.7 50 0 0.4 
Neutral 17-4-17 17N-1.8P-10.8K 78.1 21.9 0 10.3 83 17.6 8.8 
Basic 13-2-13 13N-0.9P-15.8K 94 6 0 6.7 83 46.2 23.1 
 
Substrates 
 Substrate treatments consisted of six blends formulated with raw sphagnum peat moss (Premier 
Tech Horticulture, Ltd.) with long fibers and little dust, medium-grade wood fiber (GreenFibre®, 
Klasmann Deilmann GmbH, Germany) (Figure 4.1), and medium grade perlite at the University of New 
Hampshire. Substrate blends were (by volume) (1) 100% sphagnum peat moss alone, (2) 80% sphagnum 
peat blended with 20% GreenFibre® WF, (3) 60% sphagnum peat blended with 40% WF, (4) 40% 
sphagnum peat blended with 60% WF, and (5) 20% sphagnum peat blended with 80% WF, and (6) 80% 
sphagnum peat blended with 20% perlite. Both the 100% peat blend (blend 1) and the 80% peat 20% 
perlite blend (blend 6) served as a control compared to the blends amended with WF. Substrate blends in 
experiment 1 contained wetting agent (9 mL ·ft-3, PsiMatric; Aquatrols, Paulsboro, N.J.), hydrated 
limestone and a pre-plant nutrient charge. Substrate blends in experiment 2 contained wetting agent (9 mL 
·ft-3, PsiMatric; Aquatrols, Paulsboro, N.J.), carbonate limestone and a pre-plant nutrient. Total porosity, 
air space and container capacity were measured for each substrate blend following the North Carolina 




Figure 4.1 Raw medium-grade wood fiber, GreenFibre®, product used in this study (Klasmann Deilmann 
GmbH, Germany) 
 
Lime rates were determined for each substrate blend independently with small batch tests. 
Approximately 250mL of each substrate blend was incubated at room temperature with increasing rates of 
limestone (0, 0.25, 0.50, and 0.75 g/250mL) for seven days (experiment 1) or 21 days (experiment 2) in 
zip-lock bags. After the incubation period, substrate-pH was measured in each replicate using a Orion™ 
Versa star Pro advanced electrochemistry meter (Thermo Scientific, Waltham, MA) using the saturated 
media extract (SME) method (Warncke, 1986). Lime rate was then determined based on the relationship 
between pH and lime amendment for each substrate blend. A separate calibration curve was developed for 
each substrate blend (Appendix C). 
Plant Culture 
Impatiens Elfin Lipstick liners in 288-cell trays (Jolly Farmer, New Brunswick, Canada) (Figure 
4.2) were transplanted into 11.43 cm (4.5-inch) square plastic containers (Poppelmann Plastics US LLC, 
Claremont, NC) at one plant per container. Impatiens were chosen as a model crop because they are 
tolerant to a wide range of substrate-pH levels. Plants were fertilized with their designated commercial 
fertilizer treatment (J.R. Peters, Allentown, PA) (Table 4.1) at 150mg N·L-1 at each irrigation. Irrigation 
events consisted of hand-dosing each container with plastic beaker. Each plant was irrigated 3-4 times per 
week and received a total of 1.3L in experiment 1 and 1.6L in experiment 2. Plastic saucers placed under 
each container collected leachate after each irrigation event and allowed for reabsorption into the 
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substrate. Environmental data (i.e., average daily temperature and light levels) was collected using Argus 
Control Software Firmware Version 12.43 Build 00063 (Argus Control Systems Ltd., Surry, BC). 
Supplemental lighting was provided by high-pressure sodium light bulbs hung above the greenhouse 
benches if the natural daily light integral (DLI) did not exceed 12 mol·m-2·d-1.  
 
 
Figure 4.2 Impatiens Elfin Lipstick liners in 288-cell trays (Jolly Farmer, New Brunswick, Canada). 
 
Data collection 
Substrate-pH and electrical conductivity (EC) of each replicate were measured 21 and 42 days 
after planting (DAP). Additional data were collected at 42 DAP for both experiments which included, leaf 
chlorophyll content, flower number per plant, shoot dry mass (g), and nutrient concentrations in shoot 
tissue as described below. 
Substrate and leachate measurements. Twenty five milliliters of leachate was collected from each 
replicate container using the PourThru extraction method 21 and 42 DAP (Wright, 1986). Substrate-pH 
and EC (mS·cm-1) in the leachate of each replicate was measured using an Orion Versastar Pro advanced 
electrochemistry meter (Thermo Scientific, Waltham, MA). To measure nitrogen (N) concentration, 
leachate ammonium (NH4-N) and nitrate (NO3-N) was measured colorimetrically by autoanalyzer: 
cadmium reduction/sulfanilamide method for NO3-N, hypochlorite/salicylate method for NH4-N at the 
University of Arkansas Agricultural Diagnostic Laboratory (Fayetteville, AR).   
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Leaf chlorophyll content. Leaf chlorophyll content was measured non-destructively for each 
replicate plant at 42 DAP using a Minolta SPAD index meter (Spectrum Technologies, Aurora, IL). This 
meter calculates index values from the amount of light absorbed at 680nm and 700nm wavelengths. Each 
SPAD value was the average of four measurements taken on four randomly selected leaves per replicate.  
Flower number and shoot dry mass. Flower number was recorded 42 DAP non-destructively by 
counting the number of open flowers on each replicate plant. Shoot dry mass was measured by 
destructively sampling each replicate 42 DAP. Shoots were collected by cutting plant stems just above the 
substrate surface. Shoot tissue was then oven-dried at 70°C for 48 hours and weighed to the nearest 0.1g.  
Tissue Nutrient Concentrations. Dried shoot tissue was analyzed for individual nutrient 
concentrations for each replicate plant sampled at the end of the experiment. Macronutrients and 
micronutrient concentrations (N, P, K, Ca, Mg, S, Na, Fe, Mn, B, Cu, and Zn) were measured using 
inductively-coupled plasma atomic emission spectrophotometry (ICP-AES) at University of Arkansas 
Agricultural Diagnostic Laboratory (Fayetteville, AR). 
Data analysis  
A two-way analysis of variance (ANOVA) from JMP Pro (SAS Institute, Cary, NC) was used to 
evaluate substrate, fertilizer, and the interaction between substrate and fertilizer treatments on substrate-
pH, substrate-EC, leaf SPAD chlorophyll index, flower number, shoot dry mass, nutrients (nitrogen) in 
leachate, and nutrients in plant tissue. Data from experiment 1 and experiment 2 were analyzed 






Results and Discussion 
Substrate properties 
Substrate blends differed in the lime rate required to achieve an initial substrate pH of ~6.0 (Table 
4.2). Initial substrate-pH for experiment 1 blends averaged 5.90±0.25 (±standard deviation) and substrate 
electrical conductivity (EC) averaged 0.34±0.06 mS·cm-1 across blends. Substrate blends in experiment 2 
had an initial substrate-pH of 5.85±0.19 and substrate EC of 0.64±0.04 mS·cm-1 across blends. Substrate 
physical properties are shown in Table 4.3. Substrate total porosity and air space both increased with 
increasing WF percentage, while container capacity decreased with increasing WF percentage. 
 
Table 4.2 Limestone amendment rate for the six substrate treatments (g/ft-3) to achieve an initial substrate pH of 
~6.0 in experiment 1 (January 2019), and experiment 2 (April 2019).  
Substrate 
Lime Rate (g/ft-3) for pH 6.0 
Exp 1 Exp 2 
100% Peat 0% WF 239.1 196.9 
80% Peat 20% WF 210.2 158.6 
60% Peat 40% WF 101.6 90.3 
40% Peat 60% WF 87.2 76.1 
20% Peat 80% WF 60.5 57.7 
80% Peat 20% Perlite 214.5 164.7 
 




Air space ͣy 
Container 
capacity ͨz 
100% Peat 88.3 ± 0.5 12.9 ± 1.1 75.4 ± 0.6 
80% Peat 20% WF 90.5 ± 0.1 16.2 ± 0.3 74.3 ± 0.2 
60% Peat 40% WF 91.8 ± 0.9 23.2 ± 0.7 68.6 ± 0.4 
40% Peat 60% WF 92.1 ± 0.3 29.4 ± 0.6 62.7 ± 0.8 
20% Peat 80% WF 93.8 ± 0.2 36.8 ± 0.8 57.0 ± 1.0 
80% Peat 20% Perlite 87.5 ± 0.7 18.3 ± 0.9 69.1 ± 0.8 
x Total porosity is equal to container capacity/ air space 
y Air space is the volume of water drained from the sample / volume of sample 
z Container capacity is (wet weight - oven dry weight) / volume 
 
Experiment 1  
Photosynthetically active radiation (PAR) and average daily air temperature (ADT) inside the 
greenhouse were (mean ± standard deviation) 19.3±6.84 mol·m-2·d-1 and 20.9±0.35ºC in experiment 1.  
53 
 
Table 4.4 Results of ANOVA (p-values) showing the effects of substrate and fertilizer treatment on substrate-pH, 
substrate-EC, leachate nitrogen (N) concentration, leaf SPAD, flower number, shoot dry mass and percent nitrogen 
(N) in dry shoot tissue 21 and 42 DAP in experiment 1.  
 Main Effects Interaction Effects 
 Substrate Fertilizer Substrate*Fertilizer 
Variable (df= 10) (df=21) 
Substrate-pH (21 DAP) <0.0001 <0.0001 0.0007 
Substrate-EC (21 DAP) <0.0001 <0.0001 0.8374 
Substrate-pH (42 DAP) <0.0001 <0.0001 0.0013 
Substrate-EC (42 DAP) <0.0001 <0.0001 0.2214 
Leaf SPAD <0.0001 <0.0001 0.0101 
Flower number 0.7970 0.0856 0.5178 
Shoot dry mass (g) <0.0001 0.0311 0.1573 
Tissue % N  0.0024  0.0131  0.0588  
    
 
Substrate pH and EC. Substrate-pH was affected by both substrate (p<0.0001) and fertilizer 
(p<0.0001) treatment (Table 4.4) at 21 and 42 DAP. Substrate-pH was higher in the 20% peat 80% WF 
treatment compared to all other treatments at both 21 (7.04) and 42 (6.64) DAP. This is probably the 
result of a lime amendment rate that was slightly more than required (Table 4.2). The liming requirements 
for wood-based container substrates have not been established (Jackson et al., 2009), therefore more work 
is needed to understand a reliable method to determine the lime requirement of these substrates. 
Substrate-pH was higher in both acidic (6.68) and basic (6.64) treatments, compared to neutral (6.58) 
treatments at 21 DAP. At 42 DAP, substrate-pH dropped to 6.30 in the acidic treatments, 6.45 in the basic 
treatments, and 6.31 in the neutral treatments. There was an interaction effect between substrate treatment 
and fertilizer treatment on substrate-pH at both 21 (p=0.0007, Figure 4.3) and 42 (p=0.0013, Figure 4.4) 
DAP. There was a more significant effect of fertilizer treatment within substrate treatments, where 
substrates amended with higher percentages of WF (40-80%, by volume) were more likely to have an 
increased substrate-pH when fertilized with the basic formulation. This is potentially a result of WF 
having an initial pH higher than peat, where it debatably does not require a limestone amendment when 




Figure 4.3 Effect of substrate treatment and fertilizer treatment on mean substrate-pH 21 days after planting (DAP) 




Figure 4.4 Interaction effect of substrate treatment and fertilizer treatment on mean substrate-pH 42 days after 






















































































Both substrate treatment (p<0.0001) and fertilizer treatment (p<0.0001) influenced substrate-EC 
at 21 and 42 DAP (Table 4.4). Substrate-EC was higher in 100% peat (1707.0 µS/cm2), 80% peat 20% 
WF (1787.1 µS/cm2) and 80% peat 20% perlite (1876.3 µS/cm2) 21 DAP compared to substrate 
treatments containing 40-80% WF by volume. This is most likely due to higher nutrient immobilization 
rates in substrates containing high proportions of wood materials (Gruda, 2005; Gruda et al., 2000; 
Jackson and Wright, 2007) and higher nutrient retention in peat-based substrates compared to wood-based 
substrates (Jackson et al., 2009b). These results are also consistent with several other studies (Gruda et al., 
2009; Jackson, 2008; Jackson et al., 2008; Wright et al., 2008). By 42 DAP, substrate-EC was highest in 
60% peat 40% WF (1685.5 µS/cm2), followed by 20% peat 80% WF (1504.7 µS/cm2) and 40% peat 60% 
WF (1475.7 µS/cm2). Substrate-EC was lowest in 100% peat (963.7 µS/cm2) 42 DAP. The lower 
substrate-EC in the control treatments is probably due to the plants being larger, therefore extracting more 
nutrients from the substrate. Basic (1522.5 µS/cm2, 1580.1 µS/cm2) and neutral (1458.5 µS/cm2, 1513.7 
µS/cm2) fertilizer treatments had higher substrate-EC compared to the acidic (1137.0 µS/cm2, 1036.1 
µS/cm2) fertilizer treatment 21 and 42 DAP.  
 
Table 4.5 Effect of substrate and fertilizer treatment on mean substrate-pH and mean substrate-EC (µS/cm2) 21 and 
42 days after planting (DAP) for experiment 1. Data represent means of 9 replicates. Within a column, means 
followed by the same letter are not significantly different as determined by Tukey’s honestly significant difference 
(HSD) at α=0.05.   
Treatment 
21 DAP 42 DAP 
Substrate-pH 
Substrate-EC 
(µS/cm2) Substrate-pH Substrate-EC (µS/cm2) 
100% Peat 0% WF 6.12± 0.02 e 1707.0± 85.7 a 6.16± 0.04 c 963.7± 92.9 c 
80% Peat 20% WF 6.80± 0.02  b 1787.1± 76.3 a 6.45± 0.03 b 1324.2± 96.1 b 
60% Peat 40% WF 6.48± 0.02 d 1034.7± 53.2 b 6.16± 0.02 c 1685.5± 69.3 a 
40% Peat 60% WF 6.65± 0.01 c 945.5± 44.4 b 6.37± 0.03 b 1475.7± 58.1 ab 
20% Peat 80% WF 7.04± 0.02 a 885.5± 38.5 b 6.64± 0.03 a 1504.7± 53.2 ab 
80% Peat 20% Perlite 6.70± 0.02 c 1876.3± 76.3 a 6.33± 0.03 b 1306.5± 121.0 b 
         
Acidic 6.68± 0.04 a 1137.0± 70.6 b 6.30± 0.03 b 1036.1± 59.8 b 
Basic 6.64± 0.04 a 1522.5± 69.3 a 6.45± 0.04 a 1580.1± 58.5 a 
Neutral 6.58± 0.04 b 1458.5± 71.3 a 6.31± 0.03 b 1513.7± 56.4 a 
         
Substrate <0.0001 <0.0001 <0.0001 <0.0001 
Fertilizer <0.0001 <0.0001 <0.0001 <0.0001 




Leaf chlorophyll content. Leaf chlorophyll content was significantly different between substrate 
(p<0.0001) and fertilizer (p<0.0001) treatments 42 DAP (Figure 4.6). Plants grown in100% peat and 80% 
peat 20% perlite had the highest leaf chlorophyll content (48.4 and 47.9 respectively), followed by plants 
grown in 80% peat 20% WF (41.0). Plants grown in substrate treatments containing 40-80% WF by 
volume had lower leaf chlorophyll content compared to plants grown in substrate treatments containing 0-
20% WF by volume (Figure 4.5). Plants fertilized with the acidic commercial formulation had higher leaf 
chlorophyll content (41.2) compared to plants grown with both basic (36.1) and neutral (34.3) commercial 
fertilizers. A possible explanation for this is that the greater supply of ammonium (NH4+) nitrogen in the 
acidic fertilizer treatment promoted lush, dark green plant growth. There was also an interaction effect 
between substrate and fertilizer treatment (p=0.0101) on leaf chlorophyll content 42 DAP (Figure 4.6). In 
this experiment, plants with SPAD values greater than ~35 had visibly green leaves, whereas plants with 
SPAD values less than 30 showed leaf chlorosis. 
 
Figure 4.5 Effect of substrate treatment (100% peat 0% WF, 80% peat 20% WF, 60% peat 40% WF, 40% 
peat 60% WF, 20% peat 80% WF, and 80% peat 20% perlite) and fertilizer treatment (acidic, basic, and 







Figure 4.6 Interaction effect of substrate treatment and fertilizer treatment on mean leaf chlorophyll 
content 42 days after planting (DAP) for experiment 1. Data represent least square means of 9 replicates. 
 
Flower number and shoot dry mass. Flower number was not different by substrate (p=0.7970) or 
fertilizer (p=0.0856) treatment in experiment 1 and average flower number per plant was 7. Shoot dry 
mass differed by substrate (Figure 4.7, p<0.0001) and fertilizer (Figure 4.8, p=0.0311) treatment 42 DAP. 
Plants grown in 100% peat were the largest (3.39g), followed by plants grown in 80% peat 20% perlite 
(3.13g) and 80% peat and 20% WF (2.80g). Plants grown in substrate treatments containing 40-80% WF 
were smaller compared to plants grown in substrates containing 0-40% WF, where the smallest plants 
were grown in 20% peat 80% WF (1.26g) (Figure 4.5). Plants fertilized with the acidic fertilizer treatment 

















































Figure 4.7 Effect of substrate treatment on mean shoot dry mass (g) 42 days after planting (DAP) for 
experiment 1. Data represent least square means of 9 replicates. Bars with the same letter are not 




Figure 4.8 Effect of fertilizer treatment on mean shoot dry mass (g) 42 days after planting (DAP) for 
experiment 1. Data represent least square means of 9 replicates, and mean separation used Tukey’s honestly 
















































































Tissue nutrient concentrations. There was a significant effect of substrate (p=0.0024) and 
fertilizer (p=0.0131) treatment on plant tissue nitrogen concentration; however, all plants had tissue 
nitrogen concentrations within the sufficient range (3.85-7.60) (Nelson, 2012). All plants had sufficient 
amounts of each nutrient (N, P, Ca, Mg, Fe, Mn, Zn, Cu, and B) in their tissue, except for potassium (K) 
and sulfur (S). Generally, plants grown in substrates containing higher amounts of WF (60-80%, by 
volume) had higher amounts of K in their tissue (Appendix D) compared to plants grown in substrates 
containing lower amounts of WF (20-40% WF, by volume) and the control substrates (100% peat and 
80% peat 20% perlite). Also, plants fertilized with the acidic fertilizer had less K in their tissue compared 
to plants fertilized with both the neutral and basic fertilizer treatments (Appendix D). This is probably a 
result of higher amounts of K in both the neutral and basic formulations compared to the acidic 
formulation (Table 4-1).  
Based on both visual symptoms and tissue analyses, all plants were sulfur (S) deficient in this 
study. There was a significant effect of  substrate blend (p<0.0001) and fertilizer treatment (p<0.0001) on 
percent S in experiment 1. Plants grown in the control substrate treatments had the highest amount of S in 
their tissue (0.13% S in 100% peat, and 0.14% S in 80% peat 20% perlite) compared to all other plants 
(Appendix D). Plants grown in 80% peat 20% WF had slightly more S (0.12%) compared to plants grown 
in substrates containing higher (40-80%) amounts of WF (Plants fertilized with the acidic fertilizer 
treatment had higher amounts of S (0.13%) in their tissue compared to plants fertilized with both the basic 
(0.11%) and the neutral (0.10%) fertilizer treatments. This is expected because the acidic fertilizer 
formulation includes some S in the form of magnesium sulfate, while the neutral and basic formulations 
do not include any form of S.  
Sulfur (S) deficiencies are sometimes observed in geographical locations due to low S-containing 
soilless substrates and irrigation water (Reddy and King, 1992). There was no S added to any of the 
substrate treatments in this study, and the irrigation water in the greenhouses where this research was 
conducted only contains about 2.96 mg S·L-1. The commercial recommendation is to add about 20-30 mg 
S·L-1 if the amount is this low in the irrigation water (Handreck, 1986; Reddy and King, 1992). In 
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addition to the initially low amount of S available to the plants through the substrate, irrigation water, and 
fertilizer, microorganisms can also immobilize S during the decomposition of wood materials (Bodman 
and Sharman, 1993; Handreck, 1996; Sharman and Bodman, 1991). Previous research has shown that a S 
addition is required when growing marigold in substrates containing wood materials compared to 
marigold grown in peat moss (Jackson and Wright, 2009).  
 
Experiment 2 
Photosynthetically active radiation (PAR) and average daily air temperature (ADT) inside the 
greenhouse were (mean ± standard deviation) 23.7±9.8 mol·m-2·d-1 and 21.7±1.4ºC in experiment 2.  
 
Table 4.6 Results of ANOVA (p-values) showing the effects of substrate and fertilizer treatment on substrate-pH, 
substrate-EC, leachate nitrogen (N) concentration, leaf SPAD, flower number, shoot dry mass and percent nitrogen 
(N) in dry shoot tissue 21 and 42 DAP in experiment 2. 
 Main Effects Interaction Effects 
 Substrate Fertilizer Substrate*Fertilizer 
Variable (df= 10) (df=21) 
Substrate-pH (21 DAP) <0.0001 0.9039 0.5087 
Substrate-EC (21 DAP) <0.0001 0.0086 0.9569 
Substrate-pH (42 DAP) <0.0001 0.0007 0.2544 
Substrate-EC (42 DAP) 0.0286 <0.0001 0.0424 
Leaf SPAD <0.0001 <0.0001 0.0252 
Flower number 0.3819 0.1111 0.2791 
Shoot dry mass (g) <0.0001 0.0183 0.7025 
Tissue % N <0.0001  <0.0001  0.2333  
    
 
Leachate. Substrate-pH differed by substrate treatment 21 (p<0.0001) and 42 (p<0.0001) DAP 
(Table 4.5). The 20% peat 80% WF blend had the highest substrate-pH at both 21 (pH-6.61) and 42 (pH-
6.64) DAP. The lowest substrate-pH at 21 DAP was 80% peat and 20% perlite (pH-5.87) and 60% peat 
40% WF (pH-5.87) at 42 DAP. Fertilizer treatment did not affect substrate-pH 21 DAP (p=0.9039) but it 
did influence substrate-pH 42 DAP (Table 4.5, p=0.0007). As expected, substrate-pH was higher in the 
basic fertilizer treatments (pH-6.40) compared to neutral (pH-6.15) and acidic (pH-6.03) fertilizer 
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treatments. There was no interaction effect between substrate and fertilizer treatments on substrate-pH at 
21 (p=0.5087) or 42 (p=0.2544) DAP.  
Substrate-EC differed by substrate (p<0.0001, p=0.0286) and fertilizer (p=0.0086, p<0.0001) 
treatment 21 and 42 DAP respectively (Table 4.5). At 21 DAP, substrate-EC was highest in 100% peat 
(2741.8 µS/cm2), followed by 80% peat 20% perlite (2195.3 µS/cm2) and 80% peat 20% WF (2170.2 
µS/cm2). 20% peat 80% WF had the lowest substrate-EC 21 (1048.4 µS/cm2) and 42 DAP (2553.7 
µS/cm2) compared to all other substrate treatments. As in experiment 1, this could be a result of greater 
nutrient immobilization in WF substrates or greater nutrient retention in peat substrates.  
 
Table 4.7 Effect of substrate treatment and fertilizer treatment on mean substrate-pH and mean substrate-EC 
(µS/cm2) 21 and 42 days after planting (DAP) for experiment 2. Data represent means of 9 replicates, and mean 
separation used Tukey’s honestly significant difference (HSD) at α=0.05.   
Treatment 






100% Peat 0% WF 5.97± 0.04 bc 2741.8± 108.8 a 6.07± 0.04 bc 2993.6± 155.8 ab 
80% Peat 20% WF 5.93± 0.22 bc 2170.2± 112.3 b 6.19± 0.03 bc 2772.0± 180.9 ab 
60% Peat 40% WF 6.03± 0.02 bc 1539.6± 65.3 c 5.87± 0.22 c 3018.7± 93.8 ab 
40% Peat 60% WF 6.26± 0.02 ab 1394.1± 38.5 c 6.45± 0.04 ab 2911.1± 83.3 ab 
20% Peat 80% WF 6.61± 0.04 a 1048.4± 27.9 d 6.64± 0.06 a 2553.7± 180.9 b 
80% Peat 20% Perlite 5.87± 0.04 c 2195.3± 103.9 b 5.94± 0.03 c 3047.4± 184.5 a 
         
Acidic NS  1712.4± 93.3 b 6.03± 0.11 b 2447.4± 86.8 c 
Basic NS  1859.1± 100.4 ab 6.40± 0.05 a 2946.9± 85.5 b 
Neutral NS  1973.1± 96.6 a 6.15± 0.03 b 3253.9± 89.7 a 
         
Substrate <0.0001 <0.0001 <0.0001 0.0286 
Fertilizer 0.9039 0.0086 0.0007 <0.0001 
Substrate*Fertilizer 0.5087 0.9568 0.2544 0.0424 
 
Leaf chlorophyll content. Leaf chlorophyll content differed by both substrate (p<0.0001) and 
fertilizer (p<0.0001) treatments. Plants grown in 100% peat (50.8) had the highest leaf chlorophyll 
content 42 DAP. Leaf chlorophyll content decreased with increasing substrate WF percentage, where 
20% peat 80% WF (32.9) had the lowest leaf chlorophyll content. Plants fertilized with the acidic (43.1) 
fertilizer treatment had higher leaf chlorophyll content compared to plants fertilized with both basic (38.9) 
and neutral (37.4) fertilizer treatments. These results are consistent with the results from experiment 1 
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(Figure 4.9). As in experiment 1, there was an interaction effect between substrate and fertilizer treatment 
(p=0.0252) on leaf chlorophyll content 42 DAP (Figure 4.10).  
 
Figure 4.9 Effect of substrate treatment (100% peat 0% WF, 80% peat 20% WF, 60% peat 40% WF, 40% peat 60% 
WF, 20% peat 80% WF, and 80% peat 20% perlite) and fertilizer treatment (acidic, basic, and neutral) on plant 
performance 42 days after planting (DAP) for experiment 2. 
 
 
Figure 4.10 Interaction effect of substrate treatment and fertilizer treatment on mean leaf chlorophyll content 42 
days after planting (DAP) for experiment 2. Data represent means of 9 replicates, and mean separation used Tukey’s 













































Flower number and shoot dry mass. Flower number per plant was not affected by substrate 
(p=0.3819) or fertilizer treatment (p=0.1111) and averaged 13 flowers per plant. An interesting 
observation was that plants grown in substrates amended with high proportions of WF (60-80%) had 
smaller flowers and reduced leaf expansion compared to plants grown in the control treatments. Reduced 
leaf expansion has been observed on plants grown in high fractions of wood in other studies as well 
(Bugbee and Heins, 2019). Shoot dry mass was affected by both substrate (p<0.0001) and fertilizer 
treatment (p=0.0183). Plants grown in 100% peat (2.97g) and 80% peat 20% perlite (2.70g) had the most 
shoot growth, while plants grown in 60% peat 40% WF (1.25g) and 20% peat 80% WF (1.10g) had the 
least (Figure 4.11). Plants fertilized with the acidic treatment (2.64g) had more shoot growth compared to 
plants fertilized with both the basic (1.85g) and the neutral (1.84g) treatments (Figure 4.12).  
 
 
Figure 4.11 Effect of substrate on mean shoot dry mass (g) 42 days after planting (DAP) for experiment 2. Data 

















































Figure 4.12 Effect of fertilizer treatment on mean shoot dry mass (g) 42 days after planting (DAP) for experiment 2. 
Data represent means of 9 replicates, and mean separation used Tukey’s honestly significant difference (HSD) at 
α=0.05. 
 
Tissue nutrient concentrations. Similar to experiment 1 results, there was a significant effect of 
substrate (p<0.0001) and fertilizer (p<0.0001) treatments on plant tissue nitrogen concentration; however, 
all plants had tissue nitrogen concentrations within the sufficient range (3.85-7.60) (Nelson, 2012) . 
Additionally, all plants had sufficient amounts of each nutrient (N, P, Ca, Mg, Fe, Mn, Zn, Cu, and B) in 
their tissue, except for potassium (K) and sulfur (S). The same tissue nutrient trends from experiment 1 
were observed in experiment 2 (Appendix D). 
 
Conclusions 
This study evaluated substrates amended with wood fiber for effects on pH buffering and nutrient 
management with container-grown impatiens. Substrate-pH 21 and 42 DAP was affected by an 
interaction between substrate and fertilizer in experiment 1, where substrate-pH tended to increase more 
in substrates containing high percentages of WF when fertilized with a basic formulation. This trend was 
not observed in experiment 2. This difference is probably due to the fact that experiment 1 used hydrated 






























residual buffering capacity. There were similar effects of substrate and fertilizer on plant performance 
(i.e., leaf chlorophyll content, flower number per plant and shoot dry mass) in both experiments. Plant 
performance generally started to suffer when plants were grown in substrates containing large portions of 
WF (40-80%, by volume). All plants in both experiments were sulfur deficient, as a result of low sulfur in 
the substrate treatments and in the irrigation water. This is common when a sulfur supply is not provided 
to greenhouse container crops grown in a low-sulfur environment. More research is needed to understand 
a reliable method for amending substrates containing large proportions of WF with limestone as well as 
the sulfur requirements of plants grown in substrates amended with WF. 
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CHAPTER 5: CONCLUSIONS 
The goal of this research was to investigate the use of commercial wood fiber products as a 
potential alternative material to peat moss and other materials (i.e., perlite) used in soilless substrates for 
greenhouse container crop production. Wood fiber materials encompass a range of materials processed 
from fresh wood chips (Maher et al., 2008). The process consists of exposing fresh wood chips to high 
pressure and temperature treatments, simulating rapid aging and creating a more stable and sterile 
material (Gruda and Schnitzler, 2004; Maher et al., 2008; Schmilewski, 2008). Wood fiber materials are 
gaining popularity as components of growing substrate for floriculture bedding crop production in the 
United States. Growers typically incorporate wood fiber at approximately 20-40% of the total substrate 
volume (Drotleff, 2018). This thesis evaluated the effects of wood fiber soilless substrates on overall plant 
performance, plant nitrogen requirements, and pH buffering capacity. Three experiments were conducted 
to address these overall objectives.  
 The objective in the first study was to evaluate peat-based substrates containing a small 
percentage of coconut coir pith, pine tree substrates (PTS) or a commercial wood fiber material for 
potential to immobilize N and for effects on plant performance during production and a simulated 
consumer phase with container-grown petunia (Petunia × hybrida Vilm. -Andr.). We hypothesized that 
peat containing pine wood components would increase N immobilization, reducing N uptake and 
affecting plant performance. The results of this study suggest that amending peat-based substrates with 
30% (by volume) coconut coir, PTS, or a commercial wood fiber material does not drastically reduce the 
quality of container-grown petunia. Plants grown in the control treatment (peat alone) had the highest 
SPAD values, the most flowers, and the highest shoot dry mass; however, while these measurements were 
lowers for plants grown in the other substrate treatments, all plants were of marketable quality. Generally, 
plants grown in substrates amended with wood materials (i.e., PTS or wood fiber) were slightly more 
compact. This reduction in growth was observed in all experiments conducted in this thesis. Incorporating 
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coconut coir or wood materials at higher rates may have a greater effect on plant growth and result in 
greater N immobilization (Handreck, 1993b; Jackson et al., 2008; Wright et al., 2008).  
 The objective in the second study was to evaluate the effects of applied fertilizer N concentration 
on performance of petunia grown in substrates amended with PTS and a commercial wood fiber material 
at 50% of the substrate, by volume. Plants were fertilized with 50, 100, 200 or 400ppm-N from a 
commercial water-soluble fertilizer. We hypothesized that when plants grown in substrates amended with 
wood materials are fertilized with increased N concentrations on a constant basis, growth and 
performance will be comparable to plants grown in a 100% peat control substrate. The results of this 
study showed that plants grown in substrates amended with wood materials did not reach comparable 
growth to plants grown in the control treatment (peat alone), even when fertilized with elevated N 
concentrations (i.e., 200-400ppm-N). Again, all plants were of marketable quality with dark green leaves 
and plenty of flowers. This suggests that the reduction of growth in substrates amended with wood 
materials could be the result of something other than the immobilization of fertilizer nitrogen. Both 
physical properties and the presence of phytotoxic elements are potential issues.  
The objectives of the third study were to (1) evaluate the pH buffering capacity of soilless 
substrates differing in their peat:wood fiber ratios and (2) evaluate the effects of pH buffering on plant 
performance using container-grown impatiens (Impatiens walleriana) as a model system. We 
hypothesized that plant performance would suffer in high percentages of WF as a result of poor pH 
buffering. Substrates containing large percentages of WF (40-80%, by volume) were generally poorly 
buffered against a pH increase over time; although, an accurate limestone amendment and type would 
probably minimize these effects. Leaf chlorophyll content, flower number per plant and shoot dry mass 
decreased with increasing WF percentage. All plants grown in this study were sulfur deficient because of 
the insufficient amount of sulfur provided through the substrate, irrigation water, and fertilizer. More 
research is needed to understand the liming requirements of substrates amended with high percentages of 
WF, as well as the potential for sulfur immobilization in the material.  
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This work shows the feasibility of amending soilless substrates with ~20-40% WF (by volume) 
without drastic effects on plant performance or the need to change any cultural practices. Surpassing a 
~40% incorporation rate may effect plant performance where it starts to suffer. This is potentially the 








Abad, M., Fornes, F., Carrión, C., Noguera, V., Noguera, P., Maquieira, Á., Puchades, R., 2005. Physical 
properties of various coconut coir dusts compared to peat. HortScience 40, 2138–2144. 
Abad, M., Noguera, P., Puchades, R., Maquieira, A., Noguera, V., 2002. Physico-chemical and chemical 
properties of some coconut coir dusts for use as a peat substitute for containerised ornamental 
plants. Bioresource Technology 82, 241–245. https://doi.org/10.1016/S0960-8524(01)00189-4 
Aendekerk, T.G.L., 1997. Decomposition of peat substrates in relation to physical properties and growth 
of Chamaecyparis. Acta Horticulturae 450, 191–198. 
Alexander, P.D., Bragg, N.C., Meade, R., Padelopoulos, G., Watts, O., 2008. Peat in horticulture and 
conservation: the UK response to a changing world. Mires & Peat 3, 1–11. 
Alsanius, B.W., Wohanka, W., 2009. Prospects for biological characterization and evaluation of growing 
media 99–109. 
Arenas, M., Vavrina, C.S., Cornell, J.A., Hanlon, J.A., Hochmuth, G.J., 2002. Coir as an alternative to 
peat in media for tomato transplant production. HortScience 37, 309–312. 
Argo, W.R., 2004. Understanding pH management and plant nutrition Part 4: Substrates. Journal of the 
International Phalaenopsis Alliance 13, 1–5. 
Argo, W.R., 2003a. Understanding pH management and plant nutrition Part 1: Introduction. Journal of 
the International Phalaenopsis Alliance 12, 1–5. 
Argo, W.R., 2003b. Understanding pH management and plant nutrition Part 2: Water quality. Journal of 
the International Phalaenopsis Alliance 13, 1–5. 
Argo, W.R., 1998a. Root Medium Physical Properties. HortTechnology 8, 481–485. 
Argo, W.R., 1998b. Root Medium Chemical Properties. HortTechnology 8, 486–494. 
Argo, W.R., Biernbaum, J.A., 1997. Lime, water source, and fertilizer nitrogen form affect medium pH 
and nitrogen accumulation and uptake. HortScience 32, 71–74. 
Argo, W.R., Biernbaum, J.A., 1996. Availability and persistence of macronutrients from lime and 
preplant nutrient charge fertilizers in peat-based root media. Journal of the American Society for 
Horticultural Science 121, 453–460. 
Argo, W.R., Biernbaum, J.A., 1993. Factors affecting garden performance of flowering plants in hanging 
baskets, Bedding Plants Foundation, Inc. 
Argo, W.R., Fisher, P.R., 2002. Understanding pH management for container-grown crops. Meister 
Publishing, Willoughby, OH. 
Armitage, A.M., 1993. Bedding Plants, Prolonging Shelf Performance. Ball Publishing, Batavia, Illinois. 
Barreto, M.S., Jagtap, K.B., 2006. Assessment of substrates for economical prodution of gerbera (Gerbera 
jamesonii Bolus ex Hooker F.) flowers under protected cultivation. Journal of Ornamental 
Horticulture 9, 131–138. 
Barrett, G.E., Alexander, P.D., Robinson, J.S., Bragg, N.C., 2016. Achieving environmentally sustainable 




Behe, B.K., Campbell, B.L., Hall, C.., Khachatryan, H., Dennis, J.H., Yue, C., 2013. Consumer 
Preferences for Local and Sustainable Plant Production Characteristics. HortScience 48, 200–208. 
Bilderback, T.E., 2009. A nursery friendly method for measuring air filled porosity of container 
substrates, in: Southern Nursery Association Research Conference. 
Bilderback, T.E., Riley, E.D., Jackson, B.E., Owen, J.S., Kraus, H.T.J., Fonteno, W.C., Altland, J., Fain, 
G.B., 2013. Strategies for developing sustainable substrates in nursery crop production. Acta 
Horticulturae 1013, 43–56. 
Bilderback, T.E., Warren, S.L., Owen, J.S., Albano, J.P., Index, A.D., 2005. Healthy Substrates Need 
Physicals Too ! 15, 747–751. 
Blok, C., de Kreij, C., Wever, G., 2008. Analytical methods used in soilless cultivation, in: Raviv, M., 
Lieth, J.H. (Eds.), Soilless Culture: Theory and Practice. Elsevier B.V., London, pp. 245–289. 
Blok, C., Wever, G., 2008. Experience with selected physical methods to characterize the suitability of 
growing media for plant growth. Proceedings of the International Symposium on Growing Media 
239–249. 
Bodman, K., Sharman, K.V., 1993. Container media management. Queensland DPI, Queensland Nursery 
Industry Association, Brisbane, Australia 40. 
Bragg, N.C., 1998. Grower Handbook 1: Growing Media. Nexus, Kent, UK. 
Bugbee, B., Heins, R.D., 2019. Wood Products in the Root Zone. Greenhouse product news 22–27. 
Bunt, A.C., 1988. Media and mixes for container-grown plants, 2nd ed. Unwin Hyman Ltd. 
Bustamante, M.A., Paredes, C., Moral, R., Agullo, E., Perez-Murcis, M.S., Abad, M., 2008. Composts 
from distillery wastes as peat substitutes for transplant production. Resources Conservation and 
Recycling 52, 792–799. 
Carlile, W.R., 2004. Changes in organic growing media during storage. Acta Horticulturae 648, 153–159. 
Carlile, W.R., Cattivello, C., Zaccheo, P., 2015. Organic Growing Media: Constituents and Properties. 
Vadose Zone Journal 14, 0. https://doi.org/10.2136/vzj2014.09.0125 
Carlile, W.R., Wilson, D.P., 1991. Microbial activity in growing media- a brief review. Acta 
Horticulturae 294, 197–206. 
Cavins, T.J., Whipker, B.E., Fonteno, W.C., Harden, B., McCall, I., Gibson, J.L., 2000. Monitoring and 
Manageing pH and EC Using the PourThru Extraction Method. NC State University A&T 
University Cooperative Extension 590, 1–17. 
Davidson, H., Mecklenburg, R., Peterson, C., 2000. Nursery management: Administration and culture, 
4th ed. Prentice Hall, Upper Sadle River, NJ. 
de Oliveira, S.F., Fisher, P.R., Huang, J., Mello, S. da C., 2016. Strategies to provide fertilizer for both 
production and consumer phases of petunia. HortTechnology 26, 164–175. 
Dede, O.H., Ozer, H., 1997. Improving physical properties of plant growing media using perlite. Sakarya 
University Journal of Science. 
Dennis, J.H., Lopez, R.G., Behe, B.K., Hall, C.R., Yue, C., Campbell, B.L., 2010. Sustainable production 
practices adopted by greenhouse and nursery plant growers. HortScience 45, 1232–1237. 
Dickson, R.W., Fisher, P.R., Argo, W.R., 2017. Quantifying the Acidic and Basic Effects of Fifiteen 
71 
 
Floriculture Species Grown in Peat-based Substrates. HortScience 52, 1065–1072. 
https://doi.org/10.21273/HORTSCI111926-17 
Drotleff, L., 2018. HydraFiber soaks up horticulture market share with wood fiber media. Greenhouse 
Grower. 
Evans, M.R., Stamps, R.H., 1996. Growth of Bedding Plants in Sphagnum Peat and Coir Dust-Based 
Substrates. Journal of Environmental Horticulture 14, 187–190. 
Fain, G.B., Gilliam, C.H., Sibley, J.L., 2006. Processed whole pine trees as a substrate for container-
grown plants. Southern Nursery Association Research Conference 51, 59–61. 
Fisher, P.R., Dickson, R.W., Mohammad-Pour, G.S., Huang, J., 2014. Effect of solution electrical 
conductivity (EC) and pre-plant nutrient form on the pH of a peat-perlite substrate. Acta 
Horticulturae 1034, 249–254. https://doi.org/10.17660/ActaHortic.2014.1034.30 
Fonteno, W.C., 1993. Problems & Considerations in Determining Physical Properties of Horticultural 
Substrates. Acta Horticulture 342, 197–204. https://doi.org/10.17660/ActaHortic.1993.342.22 
Fonteno, W.C., Hardin, C.T., Brewster, J.P., 1995. Procedures for determining physical properties of 
horticultural substrates using the NCSU Porometer. Horticultural Substrates Laboratory, North 
Carolina State University. 
Frangi, P., Amoroso, G., Ferrini, F., Fini, A., 2008. Growth of ornamental shrubs in wood fibre-based 
growing media. Acta Horticulturae 801 PART 2, 1571–1575. 
https://doi.org/10.17660/ActaHortic.2008.801.194 
Gaches, W.G., Fainr, G.B., Eakesr, D.J., Gilliamr, C.H., Sible, J.L., 2011. Comparison of Aged and Fresh 
WholeTree as a Substrate Component for Production of Greenhouse-Grown Annuals. Journal of 
Environmental Horticulture 29, 39–44. 
Grafiadellis, I., Mattas, K., Maloupa, E., Tzouramani, I., Galanopoulos, K., 2000. An economic analysis 
of soilless culture in gerbera production. HortScience 35, 300–303. https://doi.org/10.1007/s10915-
011-9547-6 
Gruda, N., 2005. Growth and quality of vegetables in peat substitute growing media. Humboldt 
University, Berlin, Germany. 
Gruda, N., Rau, B.J., Wright, R.D., 2009. Laboratory bioassay and greenhouse evaluation of a pine tree 
substrate used as a container substrate. European Journal of Horticultural Science 74, 73–78. 
Gruda, N., Schnitzler, W.H., 2004. Suitability of wood fiber substrate for production of vegetable 
transplants. Scientia Horticulturae 100, 309–322. https://doi.org/10.1016/j.scienta.2003.10.001 
Gruda, N., Schnitzler, W.H., 2001. Physical properties of wood fiber substrates and their effect on growth 
of lettuce seedlings (Lactuca sativa L. var. capitata L.). Acta Horticulturae 548, 415–423. 
Gruda, N., Von Tucher, S., Schnitzler, W.H., 2000. N-immobilization of wood fiber substrates in the 
production of tomato transplants (Lycopersicon lycopersicum (L.) Karst. ex Farw.). Journal of 
Applied Botany-Angewandte Botanik 74, 32–37. 
Guster, R., Teicher, K., Fisher, P., 1983. Nitrogen dynamics in bark compost as dependant on production 
methods. I. Model trials. Acta Horticulturae 150, 175–184. 
Hammond, R.F., 1975. The origin, formation and distribution of peatland resources, in: Robinson, D.W., 
Lamb, L.G.D. (Eds.), Peat in Horticulture. Academic Press, New York, NY, pp. 1–22. 
72 
 
Handreck, K.A., 1996. Phosphorus immobilization in wood waste-based potting media. Communications 
in Soil Science and Plant Analysis 27, 2295–2314. https://doi.org/10.1080/00103629609369704 
Handreck, K.A., 1993a. Use of the nitrogen drawdown index to predict fertilizer nitrogen requirements in 
soilless potting media. Communications in Soil Science and Plant Analysis 24, 2137–2151. 
Handreck, K.A., 1993b. Immobilisation of Nitrogen in Potting Media. Acta Horticulturae. 
Handreck, K.A., 1992a. Rapid assessment of the rate of nitrogen immobilisation in organic components 
of potting media: II. Nitrogen drawdown index and plant growth. Communications in Soil Science 
and Plant Analysis 23, 217–230. https://doi.org/10.1080/00103629209368584 
Handreck, K.A., 1992b. Rapid assessment of the rate of nitrogen immobilisation in organic components 
of potting media: I. Method development. Communications in Soil Science and Plant Analysis 23, 
201–215. 
Handreck, K.A., 1986. Critical concentrations of sulfur in liquid feeds for plants in containers. Scientia 
Horticulturae 30, 1–17. 
Handreck, K.A., Black, N.D., 1994. Growing media for ornamental plants and turf. UNSW Press. 
Haynes, R.J., 1990. Active ion uptake and maintenance of cation-anion balance: A critical examination of 
their role in regulating rhizosphere pH. Plant and Soil 126, 247–264. 
https://doi.org/10.1007/BF00012828 
Hernández-Apaolaza, L., Gascó, A.M., Gascó, J.M., Guerrero, F., 2005. Reuse of waste materials as 
growing media for ornamental plants. Bioresource Technology 96, 125–131. 
https://doi.org/10.1016/j.biortech.2004.02.028 
Jackson, B.E., 2016. The Evolution and Revolution of Wood Substrates. Greenhouse Grower 36–40. 
Jackson, B.E., 2008. Chemical, physical, and biological factors influencing nutrient availability and plant 
growth in a pine tree substrate (Docteral Dissertation). Virgina Polytechnic Institure. 
Jackson, B.E., Wright, R., 2007. Pine tree substrate: Fertility requirements. Proc. Southern Nursery 
Assoc. Research Conf 57, 523–526. 
Jackson, B.E., Wright, R.D., 2009. Pine tree substrate: An alternative and renewable substrate for 
horticultural crop production, in: Acta Horticulturae. pp. 265–272. 
Jackson, B.E., Wright, R.D., Alley, M.M., 2009a. Comparison of Fertilizer Nitrogen Availability, 
Nitrogen Immobilization, Substrate Carbon Dioxide Efflux, and Nutrient Leaching in Peat-lite, Pine 
Bark, and Pine Tree Substrates. Hortscience 44, 781–790. 
Jackson, B.E., Wright, R.D., Alley, M.M., 2009a. Comparison of fertilizer nitrogen availability, nitrogen 
immobilization, substrate carbon dioxide efflux, and nutrient leaching in peat-lite, pine bark, and 
pine tree substrates. HortScience 44, 781–790. 
Jackson, B.E., Wright, R.D., Barnes, M.C., 2008. Pine tree substrate, nitrogen rate, particle size, and peat 
amendment affect poinsettia growth and substrate physical properties. HortScience 43, 2155–2161. 
Jackson, B.E., Wright, R.D., Gruda, N., 2009b. Container medium pH in a pine tree substrate amended 
with peatmoss and dolomitic limestone affects plant growth. HortScience 44, 1983–1987. 
Jackson, B.E., Wright, R.D., Seiler, J.R., 2009b. Changes in Chemical and Physical Properties of Pine 




Khachatryan, H., Campbell, B., Hall, C., Behe, B., Yue, C., Dennis, J., 2014. The effects of individual 
environmental concerns on willingness to pay for sustainable plant attributes. HortScience 49, 69–
75. 
Krucker, M., Hummel, R.L., Cogger, C., 2010. Chrysanthemum production in composted and 
noncomposted organic waste substrates fertilized with nitrogen at two rates using surface and 
subirrigation. HortScience 45, 1695–1701. 
Laiche A.J., N.V.E., 1986. Evaluation of pine bark with wood, and pine tree chips as components of a 
container plant growing media. Journal of Environmental Horticulture 4, 22–25. 
Lemaire, F., 1995. Physical, chemical and biological properties of growing medium. Acta Horticulturae 
396, 273–284. 
Lu, W., Sibley, J.L., Gilliam, C.H., Bannon, J.S., Zhang, Y., 2006. Estimation of U.S. Bark Generation 
and Implications for Horticultural Industries. J. Environ. Hort. 24, 29–34. 
Ma, Y.B., Nichols, D.G., 2004. Phytotoxicity and Detoxification of Fresh Coir Dust and Coconut Shell. 
Communications in Soil Science and Plant Analysis 35, 205–218. 
Maher, M., Prasad, M., Raviv, M., Lieth, J.H., 2008. Organic Soilless Media Components, in: Soilless 
Culture: Theory and Practice. Elsevier B.V., San Diego, pp. 459–504. 
Meerow, A.W., 1994. Growth of two subtropical ornamentals using coir (coconut mesocarp pith) as a 
peat substitute. HortScience 29, 1484–1486. 
Michel, J., 2010. The physical properties of peat: a key factor for modern growing media. Mires and Peat 
6, 1–6. 
Mills, H.A., Jones, J.B., 1996. Plant Analysis Handbook, Vol:2 A practical sampling, preparation, 
analysis and interpretation guide. MicroMacro Publishing, Athens, GA. 
Naasz, R., Caron, J., Legault, J., Pichette, A., 2009. Efficiency Factors for Bark Substrates: Biostability, 
Aeration, or Phytotoxicity. Soil Science Society of America Journal 73, 780. 
https://doi.org/10.2136/sssaj2008.0058 
Nambuthiri, S., Fulcher, A., Koeser, A.K., Geneve, R., Niu, G., 2015. Moving toward sustainability with 
alternative containers for greenhouse and nursery crop production: A review and research update. 
HortTechnology 25, 8–16. https://doi.org/10.21273/HORTTECH.25.1.8 
Nash, M.A., Pokorny, F.A., 1990. Shrinkage of Selected Two-component Container Media. HortScience 
25, 930–931. https://doi.org/10.21273/hortsci.25.8.930 
Nash, V.E., Laiche, A.J., 1981. Changes in the characteristics of potting media with time. 
Communications in Soil Science and Plant Analysis 12, 101–1020. 
National Agricultural Statistics, 2019. Floriculture Crops 2018 Summary (May 2019), United States 
Department of Agriculture. 
Nelson, P. V., 2012. Greenhouse Operation and Management, 7th ed. Prentice Hall, Upper Sadle River, 
NJ. 
Noguera, P., Abad, M., Noguera, Vicente, Puchades, R., Maquieira, Á., 2000. Coconut Coir waste: a new 
and environmentally friendly peat substitute. Acta Horticulturae 517, 279–286. 
Peterson, J.C., 1981. Modify your pH perspective. Florists’ Rev. 
74 
 
Pokorny, F.A., 1979. Pine bark container media- an overview. International Plant Propagators’ Society 
29, 484–495. 
Postma, J., 2004. Suppressiveness of root pathogens in closed cultivation systems. Acta Horticulturae 
644, 503–510. 
Prasad, M., 1996a. Physical, chemical, and biological properties of coir dust. Acta Horticulturae 450, 21–
30. 
Prasad, M., 1996b. Nitrogen fixation of various material from a number of European countries by three 
nitrogen fixation tests. Acta Horticulturae 450, 353–362. 
Prasad, M., 1980. Retention of nutrients by peats and wood wastes. Scientia Horticulturae 12, 203–209. 
https://doi.org/10.1016/0304-4238(80)90001-1 
Prasad, M., Maher, M., 2004. Stability of peat alternaties and use of moderately decomposed peat as a 
structure builder in growing media. Acta Horticulturae 648, 145–151. 
Puustjarvi, V., Robertson, R.A., 1975. Physical and chemical properties, in: Robinson, D.W., Lamb, 
J.G.D. (Eds.), Peat in Horticulture. Academic Press, London, pp. 23–38. 
Raviv, M., 2005. Production of high-quality composts for horticultural purposes: A mini-review. 
HortTechnology 15, 52–57. 
Raviv, M., Wallach, R., Bar-Tal, A., 2002. Substrates and their analysis, in: Savvas, D., Passam, H. 
(Eds.), Hydroponic Production of Vegetables and Ornamentals. Embryo Publications, Athens, 
Greece, pp. 299–343. 
Reddy, S.K., King, P., 1992. Sulfur- an emerging star. Grower Talks 55, 79–81. 
Reed, D.W., 1996. A Grower’s Guide to Water, Media, and Nutrition For Greenhouse Crops. Ball 
Publishing, Batavia, Illinois. 
Rippy, J.F.M., Nelson, P. V., Hesterberg, D.L., Kamprath, E.J., 2007. Reaction times of twenty 
limestones. Communications in Soil Science and Plant Analysis 38, 1775–1783. 
https://doi.org/10.1080/00103620701435530 
Robertson, R.A., 1993. Peat, horticulture and environment. Biodiversity and Conservation 2, 541–547. 
https://doi.org/10.1007/BF00056747 
Särkkä, L.E., Tuomola, P., Reinikainen, O., Herranen, M., 2008. Long-term cultivation of cut gerbera in 
peat-based growing media. Acta Horticulturae 779, 423–430. 
Savvas, D., Gianquinto, G., Tuzel, Y., Gruda, N., 2013. Soilless Culture, in: Good Agricultural Practices 
for Greenhouse Vegetable Crops Principles for Mediterranean Climate Areas. FAO Plant Production 
and Protection Paper, pp. 303–354. https://doi.org/10.1201/b13737-8 
Schmilewski, G., 2009. Growing medium constituents used in the EU. Acta Horticulturae 819, 33–46. 
https://doi.org/10.17660/ActaHortic.2009.819.3 
Schmilewski, G., 2008. The role of peat in assuring the quality of growing media. Mires and Peat 3, 1–8. 
https://doi.org/10.1016/j.jenvman.2015.10.017 
Scott, E.G., Bearce, B.C., 1972. A hardwood-bark-sawdust compost for greenhouse pot flower 
production. Forest Production 22, 36–39. 
Sharman, K.V., Bodman, K., 1991. Wood wastes affect fertilizer performance. Aust. Hort. 89, 30–32. 
75 
 
Silber, A., 2008. Chemical characteristics of soilless media, in: Raviv, M., Lieth, J.H. (Eds.), Soilless 
Culture: Theory and Practice. Academic Press, San Diego, CA, pp. 209–244. 
Silber, A., Bar-Tal, A., 2008. Nutrition of substrate-grown plants, in: Raviv, M., Lieth, J.H. (Eds.), 
Soilless Culture: Theory and Practice. San Diego, CA, pp. 291–339. 
Smith, C., 1995. Coir: a viable altnerative to peat for potting. The Horticulturist 4, 12, 25–28. 
Thomas D. landis, Douglas F. Jacobs, K.M.W.E.A., 2013. Growing Media. Journal of Chemical 
Information and Modeling 53, 1689–1699. https://doi.org/10.1017/CBO9781107415324.004 
Trckova, M., Matlova, L., Hudcova, H., Faldyna, M., Zraly, Z., Dvorska, L., Beran, V., Pavlik, I., 2005. 
Peat as a feed supplement for animals: A review. Veterinarni Medicina 50, 361–377. 
https://doi.org/10.17221/5635-VETMED 
Van OS, E.A., 1999. Closed Soilless Growing Systems: A sustainable solution for Dutch Greenhouse 
Horticulture. Water Science Technology 39, 105–112. 
Wallach, R., 2008. Physical Characteristics of Soilless Media, in: Soilless Culture: Theory and Practice. 
pp. 41–116. 
Warncke, D.D., 1986. Analyzing greenhouse growth media by the saturation extraction method. 
HortScience 21, 223–225. 
Wright, R.D., 1986. The PourThru nutrient extraction procedure. Hortscience 21, 227–229. 
Wright, R.D., Browder, J.F., 2005. Chipped pine logs: A potential substrate for greenhouse and nursery 
crops. HortScience 40, 1513–1515. 
Wright, R.D., Jackson, B.E., Browder, J.F., Latimer, J.G., 2008. Growth of chrysanthemum in a pine tree 
substrate requires additional fertilizer. HortTechnology 18, 111–115. 
Youbin, Z., Huber, J., Zhang, P., Dixon, M., 2009. Searching for recyclable or biodegradable growing 









70% Peat 30% coir 
 
70% Peat 30% PTS 
 



















































50% Peat 50% PTS 
 
50% Peat 50% WF 
 




















































Chapter 4 (Experiment 1): Lime Calibration Curves for each substrate blend
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Chapter 4 (Experiment 2): Lime Calibration Curves for each substrate blend 
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Chapter 4 (Experiment 1 and 2): Tissue K data 
 Experiment 1 Experiment 2 
Substrate % K % K 
100 % Peat 0% WF 2.52 ± 0.07 C 3.06 ± 0.05 C 
80% Peat 20% WF 2.65 ± 0.11 C 3.13 ± 0.09 C 
60% Peat 40% WF 2.64 ± 0.13 C 3.56 ± 0.07 B 
40% Peat 60% WF 2.83 ± 0.14 B 3.42 ± 0.11 B 
20% Peat 80% WF 3.02 ± 0.12 A 3.86 ± 0.11 A 
80% Peat 20% Perlite 2.51 ± 0.08 C 2.89 ± 0.05 C 
Significance <0.0001 <0.0001 
       
Fertilizer % K % K 
Acidic 2.28 ± 0.03 B 3.13 ± 0.07 B 
Basic 2.93 ± 0.05 A 3.36 ± 0.10 A 
Neutral 2.28 ± 0.05 A 3.47 ± 0.10 A 
Significance <0.0001 <0.0001 
 
 
Chapter 4 (Experiment 1 and 2): Tissue S data 
 Experiment 1 Experiment 2 
Substrate % S % S 
100 % Peat 0% WF 0.13 ± 0.00 A 0.12 ± 0.00 A 
80% Peat 20% WF 0.12 ± 0.01 B 0.09 ± 0.00 BC 
60% Peat 40% WF 0.10 ± 0.00 C 0.09 ± 0.00 C 
40% Peat 60% WF 0.09 ± 0.00 C 0.09 ± 0.00 C 
20% Peat 80% WF 0.10 ± 0.00 C 0.09 ± 0.00 C 
80% Peat 20% Perlite 0.14 ± 0.01 A 0.11 ± 0.00 B 
Significance <0.0001 <0.0001 
       
Fertilizer % S % S 
Acidic 0.13 ± 0.01 A 0.11 ± 0.00 A 
Basic 0.11 ± 0.00 B 0.09 ± 0.00 B 
Neutral 0.10 ± 0.00 B 0.09 ± 0.00 B 
Significance <0.0001 <0.0001 
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